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Thesis abstract  
 
A frequent challenge raised by defence counsel is that the suspect did not come 
into primary contact with the crime scene/evidence, and that their DNA was 
present through a transfer mechanism. Due to a paucity of empirical data on the 
variables that may or may not impact DNA transfer, persistence, prevalence and 
recovery (DNA-TPPR), forensic investigators are currently limited in their ability 
to provide informed judgements into the likelihood of DNA transfer at crime 
scenes. There has been a significant number of cases worldwide where evidence 
has been questioned due to unresolved issues surrounding DNA transfer and the 
likelihood of alternative transfer events. 
Influenced by the need for empirical data to inform activity level assessments, 
and focusing on the hands as a mechanism for the transfer of DNA, this research 
applies casework scenario simulations to acquire a greater knowledge and 
understanding of the variables affecting DNA-TPPR prior to and during criminal 
activities, and the subsequent collection and processing of exhibits.  
Shedder status was identified as a crucial factor in the quantity of DNA deposited 
by an individual, as well as the retention of DNA following a transfer event. The 
number of objects contacted, types of activities performed and the duration 
between the initial and final transfer events also influenced the retention of non-
self DNA on hands. Further, probabilities of DNA transfer, persistence and 
recovery varied when different DNA recovery, analysis and interpretation 
methodologies were applied, demonstrating the importance of considering such 
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vi 
 
factors when using published data to assign probabilities in activity level 
assessments. 
DNA transfer during the collection and analysis of biological evidence is also a 
pertinent issue, with the prospect of contaminating casework samples. While the 
continual development of increasingly sensitive DNA typing systems has enabled 
the processing of crime scene samples that were not previously considered for 
DNA analysis, the enhanced sensitivity has also increased the prospect of 
detecting contaminant DNA. Although much effort goes into minimising or 
eradicating the occurrence of contamination through the adoption of protocols 
formulated from research findings, the potential contamination risk from various 
sources within and external to the laboratory is not yet known. 
This research demonstrated the ease with which DNA containing material could 
be transferred with examination tools such as scissors, forceps, gloves and 
fingerprint brushes. Data on these variables are pertinent for consideration in 
activity level assessments. Furthermore, a method was devised to effectively 
clean fingerprint brushes before use. 
With the increasing focus on and use of activity level reporting, this research 
provides data that enables forensic experts to provide more accurate likelihood 
assessments of DNA transfer in various scenarios, benefiting both the forensic 
investigative process and the judicial system. The use of probabilistic 
interpretation methods, including Bayesian networks, were useful in weighing the 
evidence. The application of such methods in casework would provide the courts 
robust assessment of the probative value of the evidence. 
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Chapter 1  
Introduction 
 
 
 
1.1 Preamble 
This thesis considers the variables influencing the transfer of DNA during the 
investigative and analytical phases of forensic casework. This chapter introduces 
the field of forensic DNA analysis and factors surrounding the interpretation of 
DNA evidence most relevant for this thesis. The intention of this chapter is to 
provide a basic overview of important topics and literature, while the introduction 
within each publication further informs on the subject matter. 
 
1.2 A brief history of DNA in forensic casework 
1.2.1 DNA analysis 
By virtue of its inherent variability among individuals in the human population, 
DNA is a heavily relied upon form of forensic evidence. Advances in technology 
over many years have expanded the application of forensic DNA analysis, though 
Chapter 1 │ Introduction 
2 
 
modern techniques are underpinned by methodologies pioneered by Sir Alec 
Jeffreys and his colleagues in the 1980s (Gill et al. 1985; Jeffreys et al. 1985). 
First used in the Colin Pitchfork murder case (Gill & Werrett 1987), this technology 
used restriction fragment length polymorphisms (RFLPs) to examine variable 
number tandem repeats (VNTRs), and required relatively large quantities of high 
quality DNA, a major disadvantage in its recurring use for forensic investigative 
purposes. The invention of the polymerase chain reaction (PCR) (Mullis et al. 
1989; Saiki et al. 1988) a short time after, revolutionised forensic DNA analysis 
by providing the ability to generate genetic information from minute quantities of 
DNA. The later use of short tandem repeat (STR) markers coupled with multiplex 
PCR systems decreased the sample quality and quantity required for analysis 
further, and provided greater discrimination between individuals, while capillary 
electrophoresis (CE) supported automated, precise and rapid separation and 
detection of amplified DNA fragments. Furthermore, the sensitivity of these 
systems were enhanced by increasing the cycle number of PCR amplifications 
(Gill et al. 2000) and improved PCR chemistry and reagents (Butler 2012b), 
facilitating the detection of DNA traces well below the previous thresholds of 
analysis. Some laboratories applied low copy number (LCN) DNA profiling 
methods (Gill 2001) to generate profiles from samples yielding very small 
quantities of DNA, though the application of such techniques brought with it many 
challenges (Forensic Science Regulator 2008). Currently available kits are well 
validated to obtain profiles from a range of evidence types. 
Irrespective of advancements in STR analysis, the general process has remained 
unchanged for many years. Following sample recovery using an appropriate 
collection method (Verdon et al. 2014a; Verdon et al. 2014b), DNA is extracted 
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from the sample and quantified to determine the accurate amount of extract 
required for amplification. Selecting an extraction method that is conducive to the 
collection method applied (Forsberg et al. 2016; Verdon et al. 2011) and utilising 
chemistry that isolates DNA into a format compatible with downstream 
quantification and PCR amplification (Butler 2012a) is vital to ensure optimal 
results are achieved. With the current focus on reducing the resources used and 
the timeframe of generating a profile, the application of rapid PCR and direct PCR 
methods that circumvent time-consuming extraction and quantification stages are 
gaining traction and their application in routine casework is currently being 
explored (Gray et al. 2014; Myers et al. 2012; Templeton et al. 2015).  
Following quantification, multiple STR regions of interest are simultaneously 
replicated by means of locus-specific primers in a process termed multiplex PCR 
amplification (Kimpton et al. 1993). Electrophoresis separates the amplified 
fragments by size, with modern capillary-based methods that use multi-
wavelength fluorescent dyes to detect fragments of similar sizes belonging to 
different loci, superseding earlier labour-intensive gel visualisation techniques 
(Butler et al. 2004). Genotypic analysis software such as GeneMapperID-X 
(Applied Biosystems) support visualisation of electropheric data generated via 
CE. This software essentially transcribes the intensity of fluorescent signals 
produced by a variety of excited fluorophores attached to DNA fragments of 
known (i.e. sizing standard) and unknown (i.e. sample) sizes that are detected by 
the charge-coupled device (CCD) of the CE instrument, to generate the peaks 
observed within an electropherogram (epg) (Goodwin et al. 2011). 
Given the extensive knowledge, and use of national and international DNA 
databases comprising core STR markers, autosomal STR analysis is the primary 
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forensic tool for forensic DNA identification and will likely remain so for years to 
come. In the event probative evidence is not obtained through standard analyses, 
or further evidence is required, other technologies differing in the information they 
deliver may be applied. These techniques, including the analysis of mitochondrial 
DNA (mtDNA), Y-chromosome STRs (Y-STRs) and single nucleotide 
polymorphisms (SNPs), are detailed in Chapter 2, which provides a practical 
introduction to trace DNA analysis. In addition to these techniques, the application 
of next generation sequencing (NGS), or massively parallel sequencing (MPS), 
in forensic casework has been examined in recent years for its ability to support 
large-scale, automated, genome sequencing. Further, the capacity to sequence 
STRs enables discrimination of fragments deemed the same allele when using 
the current CE method (Børsting & Morling 2015). The significant increase in cost 
and expertise required is currently a limiting factor for its routine application, as 
is a lack of interpretative frameworks for the data obtained (Alonso et al. 2017). 
Although the techniques used for DNA analysis are human specific, they are not 
capable of individualising and thus require an element of interpretation. With the 
increasing sensitivity of techniques, major concerns currently being faced by the 
forensic community involve how professionals interpret DNA evidence and report 
their findings to the trier of fact. 
1.2.2 DNA profile interpretation 
DNA profile interpretation is ultimately concerned with understanding and 
deciphering the genetic information produced by profiling methods and, if 
deemed appropriate, reporting whether one or more individuals may have 
contributed the DNA profile observed. Interpretation of DNA profiles requires 
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consideration of a number of aspects, see (Budowle et al. 2009) and (Gill et al. 
2006). In general, it is the role of a trained analyst to interpret the peaks displayed 
in an epg, or infer those that may be absent due to stochastic phenomena such 
as “dropout”, by applying validated interpretation methods or standard operating 
procedures (SOPs) that aid in distinguishing allelic peaks from artefacts such as 
stutter and noise. If the quality of DNA profile is deemed sufficient for 
interpretation according the laboratory’s SOP, possible genotype combinations 
may be formed through the pairing of alleles observing the maximum allele count 
(MAC) at each locus and/or the peak height ratio (PHR) of those alleles. These 
methods are similarly used to infer the minimum number of individuals 
contributing their DNA to the profile, along with the ratio of their contributions, 
whether major, minor or unresolvable. Conclusions may be drawn regarding a 
potential match, exclusion or inconclusive result following comparison of the 
evidentiary DNA profile to a reference DNA profile taken directly from a known 
individual or located on a DNA database. If a match is deemed possible, a 
statistical evaluation utilising allele frequencies from an appropriate database is 
typically performed to estimate the weight of the DNA evidence. 
Recently introduced STR typing kits with increased sensitivity, such as 
PowerPlex® 21 (Promega), PowerPlex® Fusion (Promega) and GlobalFiler® 
(Applied Biosystems), while improving the discriminative power of DNA 
technology, have simultaneously hindered the ability to interpret profiles in some 
instances through the production of complex, and potentially unresolvable 
profiles from multiple contributors (Ballantyne et al. 2013). As the number of 
contributors to the profile increases, so too does the complexity of profile 
interpretation (Benschop et al. 2017). Furthermore, an increase in the nature of 
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samples considered for analysis, coupled with the collection of exhibits containing 
small quantities of DNA, has increased the prospects of detecting DNA from 
various known and unknown sources and led to a change in the types of profiles 
encountered in forensic casework (Baechler 2016; Mapes et al. 2016). 
This shift to more sensitive systems, coupled with the generation of complex 
profiles, has increased the desire for formalized mixture interpretation guidelines 
to be developed and universally applied. In the U.S., reports released by the 
National Academy of Sciences (NAS) and the President’s Council of Advisors on 
Science and Technology (PCAST) emphasised the requirement for valid, reliable 
and unbiased methods to be applied within the forensic sciences (National 
Research Council 2009), while highlighting low-level DNA samples and complex 
mixtures as two areas of forensic DNA interpretation requiring particular attention 
(President’s Council of Advisors on Science and Technology 2016). Whilst these 
reports have thrown forensic evidence interpretation into the spotlight, 
considerable effort has been, and is being, placed on understanding possible 
inconsistencies between laboratories (Benschop et al. 2017; Benschop et al. 
2012; Benschop et al. 2015) and recommending practices that can be universally 
applied to reduce their impact (Gill et al. 2015). The majority of guidelines 
surrounding DNA evidence interpretation favour the use of the likelihood ratio 
(LR) approach to evaluate the weight of DNA profiling evidence (Association of 
Forensic Science Providers 2009; Gill et al. 2006; Gill et al. 2008; Schneider et 
al. 2009; Willis et al. 2015), discussed later in this chapter, with many laboratories 
implementing this method in routine casework (Morling et al. 2007; Stringer et al. 
2009). 
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Recent software developments have further aided the interpretation of complex 
mixtures through the implementation of sophisticated DNA profile interpretation 
software, such as EuroForMix (Bleka et al. 2016b), STRmix™ (Taylor et al. 2013) 
and TrueAllele® (Perlin et al. 2011). Considering the analyst-determined number 
of contributors, advanced statistical models forming the basis of these software 
typically utilise qualitative evidence (i.e. allele presence/absence) to evaluate the 
DNA profile and calculate a statistical weighting, generally a LR, while continuous 
models such as STRmix™ also take into account variability in the quantitative 
information provided by allele peak heights (Bleka et al. 2016a). As the latter 
utilise more information within the DNA profile, they are considered superior to 
semi-continuous or binary methods (Bleka et al. 2016a). 
Improvements in analysis and interpretation methods have assisted in detecting 
and identifying the source(s) of the DNA and have strengthened the ability to 
answer questions relating to whose DNA is present, although these methods do 
not assist with inferring the biological source, nor do they indicate the activities 
associated with how the DNA came to be where it was found. With the ever-
increasing ability to detect trace quantities of DNA, these latter points are 
becoming more imperative to address.  
 
1.3 DNA contamination minimisation 
1.3.1 The investigative phase 
Given the recent introduction of more sensitive DNA-typing systems and routine 
analysis of exhibits comprising minute quantities of DNA, considerations relating 
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to DNA contamination minimisation are becoming increasingly vital. With the 
prospect of enhanced sensitivity simultaneously increasing the detection of 
contaminant DNA (Ballantyne et al. 2013), understanding DNA transfer 
mechanisms and the various circumstances under which detectable transfer may 
occur enables DNA contamination risks to be assessed in order to minimise or 
prevent its occurrence (Figure 1.1). 
Figure 1.1. Routes of DNA contamination relative to the crime event taking place and examination 
of exhibits. 
  
 
Relative to the targeted DNA, the detection of biological material adventitiously 
transferred to an item or surface can be described as “DNA contamination” or 
“background DNA”. The timing of the transfer provides the distinction, with 
background DNA typically transferred prior to or during the crime event and 
contaminating DNA introduced following the event. As shown in Figure 1.1, 
following the crime event itself, the interaction between various individuals and 
the crime scene is the primary point for the transfer of DNA-containing material. 
Prior to securing the scene, the potential exists for individuals both aware and 
unaware of the crime event to disrupt the preservation of the evidence through 
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their general presence. In the absence of literature investigating the DNA 
contamination risks related to scene interruptions, it is considered likely that 
individuals would contaminate the scene with DNA transferred in aerosols 
generated from talking and moving (Finnebraaten et al. 2008), and through 
contact with items and surfaces (Gill 2014). Given that this occurrence is scene-
dependent and cannot be controlled, any possible disruptions to the integrity of 
the scene must therefore be taken into account by the investigator prior to and 
during the collection of exhibits. 
Investigation of a crime scene generally requires the involvement of one or more 
investigative agencies involved with locating, recording, assessing, analysing 
and/or collecting, packaging, and transporting evidentiary items. Depending on 
jurisdictional policies and the nature of the crime, the investigation may be carried 
out by specialised forensic officers or general duties police or detectives, with 
diverse levels of investigative training. Typically, evidentiary items requiring 
examination, along with any samples taken directly from surfaces at the crime 
scene, are packaged appropriately at the scene, before being taken to the police 
station or directly to the forensic services provider. 
During the investigative process, the use of suitable personal protective 
equipment (PPE) in the appropriate manner by investigators preserves the scene 
by limiting the transfer of their own DNA to items and surfaces (Rutty et al. 2003). 
Appropriate training and increasing awareness of policies surrounding the use 
and replacement of PPE assist in preventing contamination events, particularly 
following methodological changes that may improve the detectability of 
extraneous DNA, while inclusion of investigators and police officers in a DNA 
elimination database assist in detection following its occurrence (Lapointe et al. 
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2015). Nevertheless, due to direct and recurring contact with the crime scene and 
exhibits, there is an increased possibility for the investigator to act as a vector for 
the inadvertent transfer of DNA-containing material throughout the crime scene 
investigation and during the transportation of items to the laboratory (Fonneløp 
et al. 2015a; Fonneløp et al. 2016).  
Failure to comply with procedures put in place to minimise the risk of 
contamination, whether due to a lack of resources, time, or as a consequence of 
neglect, has the potential to reduce the probative value of the DNA evidence. 
These factors were emphasized in a recent review of the controversial case 
surrounding the Death of Meredith Kercher in 2007 (Gill 2016), and the Vincent 
Report (Vincent 2010), which details the miscarriage of justice surrounding the 
wrongful conviction of Farah Jama in 2008. Cases such as these, from the not-
so-distant past, draw attention to the ease with which investigator-mediated 
contamination can occur and the importance for effective protocols to be 
employed during the collection, transport, analysis and interpretation of DNA 
evidence to ensure the risk of contamination is minimized. 
Following the collection of exhibits, and during their transportation from the crime 
scene to the laboratory, contact between the exhibit and its packaging presents 
the opportunity for potential DNA loss and/or relocation from the exhibit to the 
inside of the packaging, from the packaging to other areas of the same exhibit, 
and, if packaged with other exhibits, between exhibits (Goray et al. 2012b). 
Furthermore, improper handling of packaging during the collection and 
transportation phases increases the risk of contamination during the examination 
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process through the transfer of DNA contaminants from the outer surface of the 
packaging to the exhibit within (Fonneløp et al. 2016).  
Limiting re-examination of the exhibit and appropriate packaging of forensic 
casework exhibits for DNA analysis decrease the redistribution of DNA within and 
between evidentiary items, and reduces the risk of a contamination event 
(Fonneløp et al. 2016; Goray et al. 2012b), though this is not always achievable, 
with many forensic laboratories prioritising other analyses over DNA sampling. 
Fingerprint analysis is one such discipline, whereby, in many jurisdictions, DNA 
analysis provides an alternative means for obtaining probative evidence when 
conventional fingerprint analysis generates uninformative results. Consequently, 
it is common for evidentiary items to have been subjected to various fingerprint 
enhancement methods prior to DNA analysis. 
Fingerprint brushes (Proff et al. 2006; van Oorschot et al. 2005), along with other 
optical, physical and chemical techniques (Gibb et al. 2012; Raymond et al. 2004; 
Tsai et al. 2016), have the ability to transfer DNA-containing material. Of 
paramount concern is the direct contact between fingerprinting brushes and 
fingermark residues prior to DNA sampling, increasing the prospect of 
transferring DNA within and between crime scenes and exhibits if brushes are 
not cleaned or replaced as necessary. Furthermore, coupled with the recent 
transition to more sensitive DNA-typing methodologies, it is theorised that the 
contamination risk these techniques present may have increased the likelihood 
of observing DNA that was not previously detected based on current cleaning 
methodologies. 
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1.3.2 The analytical phase 
Within a forensic laboratory, the presence and accumulation of extraneous DNA 
on surfaces and tools used during exhibit examination is a fundamental issue as 
its occurrence during the analysis and interpretation of casework samples can be 
detrimental to investigative outcomes. Although considerable effort goes into 
monitoring, minimising and eradicating the prospect of contamination within 
forensic biology laboratories (van Oorschot et al. 2015), contamination in the 
laboratory may take place as a result of limited or inappropriate use of PPE 
(Finnebraaten et al. 2008; Rutty et al. 2003), the presence of DNA on unused 
consumables (Daniel & van Oorschot 2011; Himmelreich 2009), the presence of 
background DNA on examination tools and surfaces (Poy & van Oorschot 2006; 
Taylor et al. 2016b), and inadequate cleaning procedures for surfaces and 
instrumentation (Ballantyne et al. 2013; Ballantyne et al. 2015). Any item that 
comes into contact with exhibits is considered a high contamination risk, while 
the subsequent level of interaction between high-risk vectors and exhibits further 
determines the relative risk of contamination (Poy & van Oorschot 2006). 
Prevention of DNA contamination is an important matter for every forensic 
laboratory to address. The use of protective clothing, DNA-free consumables and 
decontamination of benches and equipment with specified agents such as 
sodium hypochlorite form the initial barrier for limiting undesirable transfer, while 
detection measures provide another level of control by indicating on a genetic 
level whether contamination has occurred (ENFSI DNA working group 2010). The 
addition of negative controls during DNA analysis allows for the identification of 
extraneous DNA and suggests external or instrumental contamination, while 
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databases containing the profiles of laboratory staff, investigators, contractors 
and recurring profiles such as those comprising artefacts from consumable 
manufacturers, are also used to identify possible contamination from internal and 
external sources. 
While preventative measures limit the transfer of DNA from the examiner, DNA-
containing material may be inadvertently picked up from exhibits through contact 
with gloves or tools used during examination, and transferred to other exhibits, 
tools or surfaces within the laboratory. The possibility of these tools and surfaces 
becoming vectors for subsequent DNA transfer substantially increases if 
protocols regarding their replacement or cleaning are not sufficiently followed 
after use. Unless case-to-case comparisons are made, the detection measures 
previously discussed are likely to be uninformative as the search is limited to 
profiles on the database and, thus, detection methods capture only a proportion 
of the contamination events that may occur. 
When considering the possible routes of DNA contamination within the 
laboratory, the procedure followed by examiners during the examination process 
is an important factor. Examination is typically performed on large, physically 
separated and/or screened examination benches. Evidentiary items are removed 
from their packaging using gloved hands or clean forceps, and placed directly 
onto a clean surface or paper underlay. Gloved hands or clean forceps might also 
be used to handle the item during examination, while clean scissors may be used 
to excise sections from an exhibit for further analysis. Whilst certain equipment, 
such as swabs and scalpels, come pre-packaged (unused) and are specified as 
being sterile, others are specified as DNA-free or are cleaned prior to and 
following use. In such instances packaged objects such as gloves, or those that 
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have been decontaminated with applicable agents, including tools and surfaces, 
are assumed to be DNA-free.  
Though laboratory contamination is impossible to completely eliminate, the extent 
to which it may occur is unknown unless proactively assessed (Gill & Kirkham 
2004). The recent introduction of methodologies with increased sensitivity has 
rendered previously acquired knowledge on DNA contamination less informative. 
Data concerning the likelihood of contamination via tools previously deemed 
“high-risk” (Poy & van Oorschot 2006), such as gloves and other tools coming 
into direct contact with DNA, is necessary to inform laboratories of the 
contamination risk such items pose during examination. Understanding the risks 
of contamination, and the frequency it is observed, assists in the interpretation of 
DNA evidence. 
 
1.4 Interpreting DNA evidence 
1.4.1 Trace DNA and inferring the biological source 
The term “trace DNA” is frequently used to describe samples comprising minute 
quantities of DNA. van Oorschot et al. (2010) considered that any biological 
sample containing levels of DNA that fall below suggested thresholds during any 
phase of the analysis process (extraction, quantitation, or amplification) could be 
defined as trace. Although there was no broadly defined threshold for analysis, 
samples less than 100 pg (0.1 ng) were typically referred to as trace (Gill et al. 
2000). However, the subsequent introduction of methodologies and 
instrumentation with increased sensitivity has rendered the latter definition 
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somewhat obsolete, as what constitutes a ‘minute quantity’ varies between 
laboratories depending on the analytical and interpretation methods being 
applied. Furthermore, the terms “trace DNA” and “touch DNA” are often used to 
synonymously describe samples comprising minute quantities of DNA, though 
unlike the latter term, which describes the retrieval of biological material from 
touched objects (discussed later in this chapter), “trace DNA” encompasses DNA 
deposited by actions other than touch. This thesis considers broader definitions 
of “trace DNA” that take into consideration DNA traces that are unable to be 
attributed to a particular biological source (Meakin & Jamieson 2013) and/or 
derived from a sample where there is uncertainty surrounding its association with 
the crime event (Gill 2014). 
Given that cell type cannot be inferred through STR profiling and the commonly 
applied presumptive tests have limited specificity for body fluids, confirmatory 
approaches for determining the biological nature of a stain are increasingly being 
investigated and applied. While there are a number of confirmatory tests available 
(Virkler & Lednev 2009), rapid stain identification (RSID) kits are routinely used 
by many laboratories for cell-type testing, though these kits are limited to blood, 
semen, saliva and urine. Following the availability of reliable messenger 
ribonucleic acid (mRNA) markers for the identification of commonly observed 
forensic body fluids and tissues, namely blood, saliva, semen, menstrual blood, 
vaginal secretion and skin (Haas et al. 2015; van den Berge et al. 2014), the use 
of RNA-based methods for body fluid identification have recently been explored 
for their routine application in forensic casework (Lindenbergh et al. 2012; 
Lindenbergh et al. 2013). These methods also enable an association between 
cell type and donor through the co-isolation of DNA/RNA, while probabilistic 
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methods can assist in interpretation of combined RNA and DNA evidence (de 
Zoete et al. 2016). Though RNA-based methods are an important improvement 
from the existing protein-based tests, the efforts and expenditures associated 
with implementing RNA analysis in routine casework is a limiting factor for many 
laboratories. As a result, it is likely that most laboratories will adopt this form of 
testing on a case-by-case basis and analyses will be outsourced to other 
laboratories providing the service for some time to come. 
Another method recently explored for use in a forensic context is the use of DNA 
methylation patterns. Current applications include identification of various 
tissues, differentiating monozygotic twins, age predication of tissue donors, and 
providing information on pathological states and circumstances leading to death 
(Kader & Ghai 2015; Sijen 2015). Though future applications of epigenetics in 
forensic investigations is currently unknown, the field is proving to be promising. 
1.4.2 Inferring activities 
Over the past decade, forensic DNA profile interpretation has been predominantly 
focused on assessing the likelihood that the person(s) of interest (POIs) 
contributed to the DNA found at the crime scene or on an exhibit. While the source 
of the DNA is still generally the primary focus, the necessity for investigators to 
explain the presence of biological samples at crime scenes is becoming 
increasingly common during court proceedings. A common claim from defence 
counsel is that the suspect did not come into contact with the crime 
scene/evidence, and that their DNA was present through a transfer mechanism. 
In such instances, it is important to consider the likelihood that DNA was indirectly 
transferred, and not directly deposited during the crime event (Figure 1.2). 
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Figure 1.2 Possible routes of DNA transfer to an object/surface at the crime scene relative to the 
crime event taking place. 
  
 
There is an abundance of cases worldwide where evidence has been questioned 
due to unresolved issues surrounding activities, as in R v Hillier [2007], R v Reed 
and Reed [2009] and Fitzgerald v The Queen [2014]. While each case has 
different aspects that are unique to the scenario presented, the main contention 
of not being able to prove beyond reasonable doubt that the appellants DNA was 
or was not directly transferred is a recurring theme, while the persistence of any 
transferred DNA is also frequently raised. The paucity of empirical data on the 
variables that may or may not influence DNA transfer, persistence, prevalence 
and recovery (DNA-TPPR) at the crime scene is evident in both judgements and 
transcripts. Factors surrounding DNA-TPPR are discussed later in this chapter. 
When considering the transfer of DNA during criminal events, hands are a 
prominent vector as they come into regular contact with objects, surfaces and 
individuals. As such, it is increasingly relevant to focus on the hands as a 
mechanism by which touch DNA can be inadvertently deposited, collected and 
transferred. This thesis considers the term “touch DNA” to broadly define DNA 
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that is deposited and transferred through contact with the epithelial surface of the 
skin and is the primary focus for the remainder of this chapter. 
 
1.5 Touch DNA transfer, persistence and recovery 
1.5.1 Variables influencing direct transfer 
Many years after PCR was introduced it was observed that genetic profiles could 
be generated from touched objects (van Oorschot & Jones 1997), further 
expanding the range of evidentiary items considered for sampling. Formulated on 
Locard’s exchange principle (Locard 1920), direct (primary) transfer is the 
process by which DNA is deposited on objects through direct contact. The 
transfer of DNA through direct contact with an object, surface or individual has 
been demonstrated in a variety of common casework scenarios (Bright & 
Petricevic 2004; Farmen et al. 2008; Petricevic et al. 2006; Polley et al. 2006), 
while the prevalence of DNA on a variety of public and private items of various 
histories (van den Berge et al. 2016; van Oorschot et al. 2014a) indicates that 
individuals frequently leave behind biological material through contact with items 
and surfaces. 
Considering factors external to the individual depositing, the substrate 
composition and type of contact impact the deposition of DNA through touch 
(Daly et al. 2012; Goray et al. 2010b), with profiles comprising greater quantity 
and quality of DNA retrieved from wood, followed successively by fabric and 
glass, and increased transfer when friction contact was applied, in contrast to 
passive or pressure contact. Variation in the DNA transfer rates observed 
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between individuals in such investigations has directed considerable attention 
into investigating the variables affecting the quantity and quality of DNA deposited 
through touch. 
The ability of an individual to deposit their DNA onto an object or surface is of 
great consequence on the amount of DNA later retrieved from the surface. The 
notion of ‘shedder status’ was first conceived by Lowe et al. (2002) whereby 
individuals were classified as good or bad shedders based on their respective 
abilities to deposit their DNA onto an object. It was concluded that full DNA 
profiles can be obtained from the deposits of individuals classified as good 
shedders, compared to partial profiles from bad shedders 15 min post-
handwashing (Farmen et al. 2008; Lowe et al. 2002). Further research based on 
the methods of Lowe et al. (2002) examined the variables affecting shedding, 
revealing inconsistent results between individuals (Phipps & Petricevic 2007) and 
concluding that the deposition of touch DNA is complex and not only dependent 
upon the contributor’s ability to shed their DNA, but the activities performed prior 
to deposition and a range of other factors. 
The biological source of touch DNA has been the focus of much debate. It was 
initially believed that touch DNA originated from skin cells sloughed from the 
outermost layer of the epidermis (Alessandrini et al. 2003). Although recent 
studies have shown that as the keratinocytes progress towards to the outer, 
cornified layer of the skin, the nucleus disintegrates and little or no DNA remains 
for STR typing (Kita et al. 2008), leaving researchers to believe that majority of 
the DNA on the skin’s surface may originate from extracellular bodily secretions 
such as sweat or sebaceous fluid (Quinones & Daniel 2012; Zoppis et al. 2014). 
It was also proposed (Sijen 2015), and later demonstrated using RNA-based 
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methodologies (van den Berge et al. 2016), that biological material from other 
parts of the body is often transferred to the hands, thus increasing the quantity of 
DNA-containing material residing on the hands. 
Factors such as age and sex also appear to impact shedder status, with younger 
individuals depositing greater quantities of DNA compared to those that are older 
(Manoli et al. 2015; Poetsch et al. 2013), and males more likely to be classified 
as heavy shedders compared to females (Allen et al. 2008; Manoli et al. 2015). 
Additionally, skin conditions resulting in a high proliferation rate of the skins cells, 
such as dermatitis and psoriasis, were also found to increase the quantity DNA 
deposited by individuals through touch (Kamphausen et al. 2012), further 
complicating the characterisation of shedder status. 
While it is likely that a combination of the factors mentioned, and others not yet 
investigated, affect how much DNA is deposited by an individual, the lack of 
consensus surrounding whether shedder characterization may be possible 
requires further consideration. Knowledge of whether individuals deposit 
consistent quantities of their own DNA, no matter the occasion, as well as the 
degree of variability among individuals, would also provide investigators with the 
range and variability of DNA a person deposits when touching an object. 
1.5.2 Variables influencing indirect transfer 
Complementary to the deposition of DNA, indirect transfer involves the collection 
of previously deposited DNA from an item, surface or individual, and relocation 
of the collected DNA to another item, surface or individual. Originally 
demonstrated by van Oorschot and Jones (1997), the secondary transfer of touch 
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DNA via a single, intermediary source was not considered feasible in repeat 
experiments (Ladd et al. 1999), with known secondary transfer events not 
detected using the methods applied. A further study concluded that the indirect 
transfer of touch DNA was possible under favourable conditions (Wickenheiser 
2002), prompting investigations into its occurrence and impact during DNA typing 
and profile interpretation. Now, with the advent of more sensitive typing 
technologies, the detection and interpretation of DNA transferred via secondary, 
tertiary and further sources is not only possible (Fonneløp et al. 2015a; Goray & 
van Oorschot 2015; Lehmann et al. 2013; van den Berge et al. 2016), but 
routinely occurs. 
Substrate composition and manner of contact are known to have a significant 
impact on the indirect transfer of DNA (Goray et al. 2010b) with the greatest 
transfer of skin derived DNA from non-absorbent (plastic) primary to absorbent 
(cotton) secondary substrates when friction contact is applied. Contrasting other 
biological fluids, such as blood and saliva, where moisture content (wet or dry) is 
an influential variable in the transfer of material (Goray et al. 2010a; van Oorschot 
et al. 2014b; Verdon et al. 2013), the transfer rates of both fresh and dried touch 
deposits remain similar (Goray et al. 2010a). In addition to these factors, the 
amount of DNA available on the primary surface for further transfer is of 
significance. Studies have indicated that individuals who deposit larger quantities 
of their own DNA on a primary surface are more likely to be detected on a 
secondary surface following a transfer event (Cale et al. 2016; Lowe et al. 2002), 
though one needs to be wary of overgeneralising the conclusions drawn from 
these studies given the scenarios, circumstances and methods applied. 
Chapter 1 │ Introduction 
22 
 
Simulations maximising transfer through extended or unnatural contact, pairing 
of known good and poor shedders and no delay between contacts, or maximising 
the detectability of transferred DNA through enhanced methodologies are not an 
accurate reflection of most types of activities encountered in casework situations 
(Cale et al. 2016; Lowe et al. 2002). Compared to data previously published on 
the transfer touch DNA under laboratory conditions (Goray et al. 2010b), both 
lower and higher rates of transfer were observed when mock forensic casework 
scenarios involving multiple transfer steps were performed (Goray et al. 2012a). 
Inconsistencies between highly-controlled studies performed under “pristine” 
laboratory conditions, and simulations that more aligned with casework, indicate 
that DNA transfer is dependent on many overlapping intrinsic and extrinsic 
factors, some of which are not yet known. If inferences are to be drawn for 
casework, there is a critical need for relevant scenario testing to be performed. 
1.5.3 DNA persistence and detectability 
Following the deposition and/or transfer of DNA at the crime scene, the 
subsequent persistence of the DNA is of significance in forensic casework, with 
environmental conditions, location and the timeframe between initial deposition 
and sample collection impacting how much DNA is retrieved (Meakin et al. 2017; 
Raymond et al. 2009). This thesis reflects on factors influencing the persistence 
of touch DNA transferred prior to and during the crime-event, and the impacts on 
detectability. 
As a result of previous contact with objects and surfaces, DNA from various 
sources already residing on public and private objects (van den Berge et al. 2016) 
may be collected and transferred to the crime scene prior to or during a criminal 
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event. Profiling of samples collected from items and surfaces following criminal 
activities may result in the detection of background DNA that does not correspond 
to the reference profile of the POI(s). This contributor of background DNA may 
be a known individual who is either associated or unassociated with the activity, 
or an unknown individual from which the origins cannot be inferred.  
Foreign DNA is frequently detected in profiles generated from fingernail samples 
(Cook & Dixon 2007; Matte et al. 2012), on areas of the skins surface (Graham 
& Rutty 2008) and objects contacted (Buckingham et al. 2016; Goray & van 
Oorschot 2015; Lacerenza et al. 2016). These studies demonstrate that DNA 
from unknown sources can be adventitiously transferred within the environment, 
with the potential to interfere with casework samples and further DNA profile 
interpretation.  
Simulations involving contact with previously used objects have demonstrated 
the decreasing persistence of DNA from the first user of an object/item relative to 
the second user of an object/item, with an increase in the second user over 
time/uses (Oldoni et al. 2016; Pfeifer & Wiegand 2017; van Oorschot et al. 
2014a). Factors such as substrate composition, contact area, and the duration 
and manner of contact also influenced persistence and subsequent detection. 
Conversely, it is possible to transfer (and detect) DNA from the previous 
owner/user of an item to the hands of a new user after eight days of using the 
item (Fonneløp et al. 2015b). The probability of detecting secondary transfer on 
the hands of the new user increased as the amount of DNA from the previous 
owner/user increased, suggesting shedder status as an influencing factor. 
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In casework, it is important to be realistic about the activities performed between 
the initial transfer event and deposition at the location where it is sampled, 
especially if the surfaces involved are frequently used or contacted, such as an 
individual’s hands. The indirect transfer of DNA to a surface following skin-to-skin 
contact has been demonstrated (Graham & Rutty 2008; Lowe et al. 2002; Meakin 
et al. 2017), though the variables influencing the persistence of any transferred 
DNA over time are not well understood. Following a simulated manual 
strangulation, DNA transferred from the fingers of the offender was detected on 
the unwashed neck of the victim up to 6 hours after contact, while DNA from the 
victim persisted on the hands of the offender for up to 24 hours (Rutty 2002). In 
another study, the DNA of a good shedder was detected on the hands of a poor 
shedder up to one hour following a handholding event, although activities in 
between contacts were not indicated nor considered in the analysis of the findings 
(Lowe et al. 2002). In both these studies, the activities performed in between the 
initial transfer event and recovery are not clear, and whilst these simulations have 
determined the possibility of attaining positive DNA profiles, further research is 
needed to ascertain the probability given the wide range of activities performed 
affecting the persistence of DNA. 
 
1.6 Weighing evidence within the hierarchy of propositions 
1.6.1 Introduction to evaluative reporting 
Evidence collected from the crime scene, and the circumstances leading to its 
discovery, contain an element of uncertainty. As described by Taroni et al. (Taroni 
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et al. 2014), the evidence in itself is not informative to the trier of fact, its 
importance needs to be interpreted in light of the propositions from prosecution 
and defence, and the case circumstances. The onus is generally on the forensic 
scientist to evaluate the scientific findings and provide an expression of the 
evidential weight to the trier of fact in order to help answer questions of 
significance (Jackson et al. 2006). For reporting officers providing evaluative 
opinions, concepts of probability theory guide formal reasoning under uncertainty, 
while Bayes’ theorem provides the logical framework to draw inferences from 
observations during evidence interpretation. Although there is considerable 
literature on the topic, the reader is directed to Cook et al. (1998b), Jackson et al. 
(2006) and Taroni et al. (2014). 
Table 1.1 The hierarchy of propositions. Adapted from Cook et al. (Cook et al. 1998a), Evett et 
al. (Evett et al. 2002) and Gittelson et al. (Gittelson et al. 2016). 
Level Description 
3 Offence Propositions are concerned with the issue of whether a POI is guilty 
or innocent of an offense. 
2 Activity Propositions consider the activities relating to how and when a 
trace was deposited, and to whom it belongs. Typically, the (sub-) 
source of the trace is not in dispute. 
1 Source Propositions consider the biological nature of the trace giving rise to 
the DNA profile and to whom it belongs. The trace is clearly defined 
as a particular body fluid, such as blood, saliva, or semen, or as a 
particular cell type, such as epithelial cells. Typically, the (sub-) 
source of the trace is not in dispute. 
0 Sub-source Sub-source propositions consider the possibility that an individual is 
a source of the DNA from a trace, but do not infer body fluid or cell 
type. 
 
An essential feature of evaluative reporting is the expression of the magnitude of 
the LR in the context of the alleged circumstances. Guidelines published by the 
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Association of Forensic Science Providers (AFSP) (Association of Forensic 
Science Providers 2009) and, more recently, the European Network of Forensic 
Science Institutes (ENFSI) (Willis et al. 2015), provide the framework for 
formulating evaluative reports in forensic science, and define the conditions within 
which to operate. Another essential element of these guidelines is the hierarchy 
of propositions (Table 1.1), which is discussed further over the succeeding 
sections. 
1.6.2 Deciding which propositions to address 
Founded on the principles of Bayes theorem, the logical evaluation of forensic 
evidence relies on the consideration of competing hypotheses or propositions 
which address the questions being asked by the relevant parties within the judicial 
setting, generally aligned to prosecution and defence counsel (Gittelson et al. 
2016). As presented in Table 1.1, Cook et al. (Cook et al. 1998a) and Evett et al. 
(Evett et al. 2002), categorised propositions into four levels depending on the 
questions being considered and provided the framework for deciding which level 
of the hierarchy to address in casework. 
Offence level is the highest level, where propositions relating to innocence and 
guilt are evaluated by the trier of fact, and are not within the remit of the forensic 
scientist. Depending on their expertise, it is the role of the forensic scientist to 
assess the findings given the propositions within remaining levels, increasing the 
value of the information provided to the trier of fact when levels are advanced 
through the hierarchy. To assess the evidential weight of observations for the 
competing hypotheses, a LR is assigned. Although this thesis considers 
propositions relating to biological evidence within the hierarchy, similar 
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propositions may be used for any form of trace evidence across forensic 
disciplines. 
1.6.3 The likelihood ratio framework 
Based on case specific propositions and conditioning information, the LR reflects 
the relative probability of the findings under the relevant propositions. Here, the 
odds form of Bayes theorem is considered, where “Hp” and “Hd” are the respective 
competing hypotheses from prosecution and defence, and “E” is the evidence 
being considered. 
𝑃𝑟(𝐻𝑝|𝐸)
𝑃𝑟(𝐻𝑑|𝐸)
=
𝑃𝑟(𝐸|𝐻𝑝)
𝑃𝑟(𝐸|𝐻𝑑)
×
𝑃𝑟(𝐻𝑃)
𝑃𝑟(𝐻𝑑)
 
From the right-hand side, Bayes rule states that by multiplying the prior odds (i.e. 
belief prior to obtaining and interpreting the evidence) by the LR, also termed 
Bayes factor, the posterior odds (i.e. belief after the evidence) can be determined. 
It is typically the role of the trier of fact to assess the prior odds and evaluate the 
likelihood of the two propositions (posterior odds), while the forensic scientist 
should assume a position of neutrality about both priors and posteriors 
(Thompson et al. 2013). As such, forensic scientists are generally limited to 
providing the trier of fact with the weight of the scientific findings under the given 
hypotheses and, in doing so, calculate a LR of the probability of the evidence 
given that the prosecution hypothesis is true, over the probability of the evidence 
given that the defence hypothesis is true. A LR above 1 favours the prosecution 
hypothesis, a LR below 1 favours the defence hypothesis, and a LR equal to one 
is neutral, favouring neither proposition. 
Chapter 1 │ Introduction 
28 
 
1.6.4 Applying probabilistic methods in casework 
Applying probabilistic methods to evaluate the likelihood of a particular event 
occurring relative to another is not new in the forensic sphere. First described in 
a forensic context to interpret the evidential value of glass fragments found on the 
clothing of a person who is suspected of having committed a crime (Evett 1986), 
the Bayesian approach is now the preferred method of evaluating sub-source 
propositions considering the DNA source of the crime stain. At this level, the LR 
considers the prevalence of the evidentiary profile within a particular population 
based on allele frequencies, and provides the ratio of the probability that the POI 
contributed to the DNA profile, to the probability that a random person within the 
population contributed to the DNA profile. A common misconception by the trier 
of fact is that a LR supporting the presence or absence of DNA from the defendant 
also provides support for the activities leading to its presence. It is important that 
the level in the hierarchy being addressed and the propositions being evaluated 
are made clear to the courts.  
The increasing attention received in the evaluation of propositions at source 
(Breathnach & Moore 2013; de Zoete et al. 2016) and activity levels (Breathnach 
et al. 2016; Samie et al. 2016) further strengthens the support for the use of 
evaluative reporting at these levels. Furthermore, the ease with which Bayesian 
networks (BNs) can be used make them ideal in complex cases when multiple 
findings and variables need to be incorporated to address questions at source 
(De Wolff et al. 2015; Taylor et al. 2016a) and activity levels (Taylor et al. 2017; 
Wieten et al. 2015). 
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As defined by the ENFSI guidelines (Willis et al. 2015), and conforming to the 
principles of forensic evaluation, the reporting of the value of scientific findings 
“should be capable of sustaining scrutiny and cross-examination” and “should be 
based upon sound knowledge and experience of the trace type(s) and the use of 
data”. Considering activity level assessments, knowledge of the factors affecting 
DNA-TPPR within the context of the case are of profound importance. Through 
the analysis of data from research findings, forensic experts are able to provide 
judgements of the likelihood of DNA transfer occurring in many situations, though 
it requires further research and data gathering to better inform models for activity 
level assessments. 
 
1.7 Thesis rationale 
Many gaps in knowledge exist relating to the transfer of DNA prior to, during and 
following criminal activities and the interpretation of transfer events in casework. 
Amongst these gaps, several key issues were identified and shaped onto the 
three broad aims of this thesis. These are as follows: 
 To investigate the variables influencing investigator-mediated DNA 
transfer at the crime scene and within the laboratory, and the ability for this 
to contaminate casework samples. 
 To investigate the variables influencing the direct and indirect transfer of 
DNA via the hands during criminal activities. 
 To explore the use of probabilistic methods to assess DNA transfer within 
casework. 
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To address these aims, the thesis is divided into two main sections. The first 
section (Chapters 2-3) focuses on trace DNA within forensic casework and 
considerations relevant to investigators. A practical introduction to trace DNA 
applications in forensic casework is provided in Chapter 2, and though it is 
concentrated on its use within missing persons investigations it is relevant to 
other areas of forensic DNA analysis. Chapter 3 examines the variables 
influencing investigator-mediated transfer at the crime scene and within the 
laboratory, and means of minimising contamination risks. 
The second section (Chapters 4-5) explores the variables influencing DNA 
transfer during criminal activities and methods of assessing transfer in casework. 
Factors influencing the deposition and further transfer of DNA are investigated in 
Chapters 4 and 5. In addition, probabilistic methods of analysis are considered in 
Chapter 5, where we apply an innovative and advantageous method of assessing 
DNA transfer in casework using Bayesian networks (BN). 
While each publication discusses the research performed, a cumulative 
discussion of the work presented in this thesis is provided in Chapter 6, along 
with further topics for investigation. 
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Chapter 2  
A practical introduction to trace DNA  
 
 
 
This chapter presents an introduction to the topic of trace DNA and was written 
as a source of advice for police officers and other law enforcement personnel, 
legal experts, social and physical scientists, forensic investigators, and other 
public and private agencies involved in missing person’s investigations. Focusing 
on the collection of trace DNA from various sources, this chapter considers 
collection methods, and extraction and profiling techniques aimed at maximising 
the information that can be obtained. Associated DNA contamination risks are 
also considered, which are the focus of experiments presented in Chapter 3 of 
this thesis. 
The work in this chapter, as referenced below, has been published and is 
presented here (with permission from the publisher) in its published form. See 
Appendix B (p. 179) for details regarding authorship contributions. 
van Oorschot, RAH, Szkuta, B, Verdon, TJ, Mitchell, RJ & Ballantyne, KN 2016, 
'Trace DNA profiling in missing persons investigations', in SJ Morewitz & C Sturdy 
Colls (eds), Handbook of missing persons, Springer, Berlin, pp. 353-363. 
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2.1 Book chapter ‘Trace DNA in missing persons investigations’ 
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Chapter 3  
Understanding and minimising DNA contamination 
 
 
 
As described in Chapter 2, DNA contamination events can potentially damage 
the value of the sample collected. A number of studies are presented in this 
chapter, where the overarching aim was to understand and minimise DNA 
contamination risks. While the work in this chapter is primarily aimed at 
laboratories performing forensic casework, the findings are relevant to anyone 
required to work with DNA or in a DNA-free environment. 
These studies demonstrate the possibility for DNA-containing material to be 
inadvertently picked up from exhibits through contact with gloves or tools used 
during examination (scissors, forceps and fingerprint brushes) and transferred to 
other exhibits, tools or surfaces within the laboratory  (Szkuta et al. 2015a; Szkuta 
et al. 2017). The possibility of these tools and surfaces becoming vectors for 
subsequent DNA transfer substantially increases if protocols regarding their 
replacement or cleaning are not sufficiently followed after use (Szkuta et al. 
2015b; Szkuta et al. 2017). 
Furthermore, a method was devised to effectively eradicate DNA from used 
fingerprint brushes using sodium hypochlorite, a commonly used cleaning agent 
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within forensic laboratories, and a commercially available alternative, Virkon 
(Szkuta et al. 2017). The DNA degrading effects of any residual hypochlorite on 
such surfaces and tools have no impact on downstream DNA analysis, unless 
using high concentrations of sodium hypochlorite (10%) without a water-rinsing 
step (Szkuta et al. 2015c). 
The work in this chapter, as referenced below, has been published and is 
presented here in its published form. See Appendix B (p. 181-188) for details 
regarding authorship contributions. See Appendix C for Supplementary Tables 
associated with (Szkuta et al. 2015a). 
Szkuta, B, Harvey, ML, Ballantyne, KN & van Oorschot, RAH 2015a, 'DNA 
transfer by examination tools – a risk for forensic casework?', Forensic Science 
International: Genetics, vol. 16, pp. 246-254. 
Szkuta, B, Harvey, ML, Ballantyne, KN & van Oorschot, RAH 2015b, 'Residual 
DNA on examination tools following use', Forensic Science International: 
Genetics Supplement Series, vol. 5, pp. e495-e497. 
Szkuta, B, van Oorschot, RAH & Ballantyne, KN 2017, 'DNA decontamination of 
fingerprint brushes', Forensic Science International, vol. 277, pp. 41-50. 
Szkuta, B, Ballantyne, KN & van Oorschot, RAH 2015c, 'Potential degrading 
effect of sodium hypochlorite on exhibits containing DNA', Forensic Science 
International: Genetics Supplement Series, vol. 5, pp. e52-e54. 
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3.1 Publication ‘DNA transfer by examination tools – a risk for forensic 
casework?’ 
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3.2 Publication ‘Residual DNA on examination tools following use’ 
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3.3 Publication ‘DNA decontamination of fingerprint brushes’ 
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3.4 Publication ‘Potential degrading effect of sodium hypochlorite on 
exhibits containing DNA’ 
  
Chapter 3 │ DNA contamination 
80 
 
 
  
Chapter 3 │ DNA contamination 
81 
 
 
  
Chapter 4 │ DNA transfer in casework 
82 
 
Chapter 4  
Variables affecting DNA transfer in casework 
 
 
 
Preliminary studies have identified some key variables affecting DNA-TPPR, and 
while some useful data has been generated, there is still a paucity of relevant 
data required for activity-level assessments. In addition, the recent introduction 
of more sensitive DNA typing systems has enabled the processing of crime scene 
samples that were not previously considered for DNA analysis. As a result, 
variables already identified but investigated using out-dated methodologies, 
along with those not yet considered, require investigation. 
The first part of this chapter focuses on a recent study that investigated the 
prospect of increased detection of DNA secondarily transferred to a knife handle 
via the hands, when applying DNA profiling methods with enhanced sensitivity1. 
In response to their study and associated conclusions, a commentary was 
published identifying limitations of the study, while highlighting the large volume 
                                            
1 Cale, CM, Earll, ME, Latham, KE & Bush, GL 2016, 'Could secondary DNA transfer falsely 
place someone at the scene of a crime?', Journal of Forensic Sciences, vol. 61, no. 1, pp. 196-
203. 
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of work that has been, and is being, done to improve our knowledge on the topic 
of DNA-TPPR (Goray et al. 2016a). 
In the remainder of the chapter, a number of experiments were performed to 
collect data on the variables that may affect the transfer of an individual’s DNA in 
scenarios involving contact, that is, the transfer of DNA via the hands. These 
experiments were performed using validated methodologies currently being 
utilised in casework laboratories and it was intended that findings be used to 
calculate probabilities for activity-level assessments, a topic which is covered in 
Chapter 5. 
Findings of these experiments have shown that the quantity of DNA transferred 
directly to an individual or surface, and indirectly to another surface, is somewhat 
dependent on an individual’s ‘shedder status’. Consistency was observed 
between the quantities of DNA deposited over time from individuals considered 
to be good shedders and those that were considered poor (Goray et al. 2016b), 
while a good shedder was more likely to be detected following a transfer event 
compared to a poor shedder (Szkuta et al. 2017). It was also observed that 
individuals come into contact with a high quantity of objects within a short space 
of time (van Oorschot et al. 2015) and, as a result, the persistence of any non-
self DNA acquired by the hands is subsequently affected by the activities 
performed and the duration since the initial transfer (Szkuta et al. 2017).  
The work in this chapter, as referenced below, has been published and is 
presented here in its published form. See Appendix B (p. 189-197) for details 
regarding authorship contributions. See Appendix D for Supplementary Tables 
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associated with (Goray et al. 2016b) and Appendix E for Supplementary Tables 
and Figure associated with (Szkuta et al. 2017). 
Goray, M, Ballantyne, KN, Szkuta, B & van Oorschot, RAH 2016a, 'Comments 
on Cale CM, Earll ME, Latham KE, Bush GL. Could secondary DNA transfer 
falsely place someone at the scene of a crime? J Forensic Sci 2016;61(1):196-
203', Journal of Forensic Sciences, vol. 61, no. 5, pp. 1396-1398. 
Goray, M, Fowler, S, Szkuta, B & van Oorschot, RAH 2016b, 'Shedder status - 
an analysis of self and non-self DNA in multiple handprints deposited by the same 
individuals over time', Forensic Science International: Genetics, vol. 23, pp. 190-
196. 
van Oorschot, RAH, McColl, DL, Alderton, JE, Harvey, ML, Mitchell, RJ & Szkuta, 
B 2015, 'Activities between activities of focus - relevant when assessing DNA 
transfer probabilities', Forensic Science International: Genetics Supplement 
Series, vol. 5, pp. e75-e77. 
Szkuta, B, Ballantyne, KN & van Oorschot, RAH 2017, 'Transfer and persistence 
of DNA on the hands and the influence of activities performed', Forensic Science 
International: Genetics, vol. 28, pp. 10-20. 
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Chapter 5  
A probabilistic approach to DNA transfer interpretation 
 
 
 
When considering propositions relating to activities of interest, termed activity 
level within the hierarchy of propositions, the significance of the DNA findings 
must be evaluated in light of how they support the competing assertions of the 
prosecution and defence. Such evaluations often require the analyst to assess 
the likelihood that DNA was transferred indirectly (secondary transfer or further), 
compared to the likelihood that it was deposited through direct contact with an 
item or surface. 
The work presented in this chapter provides valuable data involving handled 
cable ties, with samples recovered, processed and analysed using different 
methodologies (Steensma et al. 2017), and the indirect transfer of DNA by hands 
over time (Szkuta et al. submitted). Both manuscripts also consider how DNA-
TPPR data can be used probabilistically to weigh the likelihood of alternate 
scenarios occurring in casework. 
The use of probabilistic methods to evaluate propositions at activity level enabled 
empirically derived LRs to be generated from alternate scenario propositions. The 
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use of these methods would provide the courts with a more robust assessment 
of the probative value of the evidence, compared to current unspecified 
statements about the possibility of transfer. 
The work in this chapter, as referenced below, has been published and is 
presented here in its published form (Steensma et al. 2017), or has been 
resubmitted for publication and is presented in its revised form following reviewer 
comments (Szkuta et al. submitted). See Appendix B (p. 198-202) for details 
regarding authorship contributions. See Appendix F for the Supplementary Table 
associated with Steensma et al. (2017) and Appendix G for Supplementary 
Tables and Figures associated with Szkuta et al. (submitted). 
Steensma, K, Ansell, R, Clarisse, L, Connolly, E, Kloosterman, AD, McKenna, 
LG, van Oorschot, RAH, Szkuta, B & Kokshoorn, B 2017, 'An inter-laboratory 
comparison study on transfer, persistence and recovery of DNA from cable ties', 
Forensic Science International: Genetics, vol. 31, pp. 95-104. 
Szkuta, B, Kokshoorn, B, Ballantyne, K & van Oorschot, RAH (submitted), 
'Transfer and persistence of non-self DNA on hands over time: using empirical 
data to evaluate DNA evidence given activity level propositions', Forensic 
Science International: Genetics. 
 
Chapter 5 │ DNA transfer interpretation 
111 
 
5.1 Publication ‘An inter-laboratory comparison study on transfer, 
persistence and recovery of DNA from cable ties’ 
 
  
Chapter 5 │ DNA transfer interpretation 
112 
 
 
  
Chapter 5 │ DNA transfer interpretation 
113 
 
 
  
Chapter 5 │ DNA transfer interpretation 
114 
 
 
  
Chapter 5 │ DNA transfer interpretation 
115 
 
 
  
Chapter 5 │ DNA transfer interpretation 
116 
 
 
  
Chapter 5 │ DNA transfer interpretation 
117 
 
 
  
Chapter 5 │ DNA transfer interpretation 
118 
 
 
  
Chapter 5 │ DNA transfer interpretation 
119 
 
 
 
Chapter 5 │ DNA transfer interpretation 
120 
 
 
  
Chapter 5 │ DNA transfer interpretation 
121 
 
5.2 Publication ‘Transfer and persistence of non-self DNA on hands 
over time: using empirical data to evaluate DNA evidence given 
activity level propositions’ 
Bianca Szkuta1,2, Kaye N. Ballantyne2,3, Bas Kokshoorn4 and Roland A.H. van 
Oorschot2 
1. School of Life and Environmental Sciences, Centre for Chemistry and 
Biotechnology, Deakin University, (Waurn Ponds Campus), Geelong, 
Victoria, Australia  
2. Office of the Chief Forensic Scientist, Victoria Police Forensic Services 
Department, Macleod, Victoria, Australia 
3. School of Psychology and Public Health, La Trobe University, Bundoora, 
Victoria, Australia 
4. Division Biological Traces, Netherlands Forensic Institute, P.O. Box 24044 
2490 AA, The Hague, The Netherlands 
 
 
 
  
Chapter 5 │ DNA transfer interpretation 
122 
 
Abstract: 
Questions relating to how DNA from an individual got to where it was recovered 
from and the activities associated with its pickup, retention and deposition are 
increasingly relevant to criminal investigations and judicial considerations. To 
address activity level propositions, investigators are typically required to assess 
the likelihood that DNA was transferred indirectly and not deposited through direct 
contact with an item or surface. By constructing a series of Bayesian networks, 
we demonstrate their use in assessing activity level propositions derived from a 
recent legal case involving the alleged secondary transfer of DNA to a surface 
following a handshaking event. 
In the absence of data required to perform the assessment, a set of handshaking 
simulations were performed to obtain probabilities on the persistence of non-self 
DNA on the hands following a 40 min, 5 h or 8 h delay between the handshake 
and contact with the final surface (an axe handle). Variables such as time 
elapsed, and the activities performed and objects contacted between the 
handshake and contact with the axe handle, were also considered when 
assessing the DNA results. 
DNA from the known contributor was transferred to the right hand of the opposing 
hand-shaker (as a depositor), and could be subsequently transferred to, and 
detected on, a surface contacted by the depositor 40 min to 5 h post-handshake. 
No non-self DNA from the known contributor was detected in deposits made 8 h 
post-handshake. DNA from the depositor was generally detected as the major or 
only contributor in the profiles generated. Contributions from the known 
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contributor were minor, decreasing in presence and in the strength of support for 
inclusion as the time between the handshake and transfer event increased. 
The construction of a series of Bayesian networks based on the case 
circumstances provided empirical estimations of the likelihood of direct or indirect 
deposition. The analyses and conclusions presented demonstrate both the 
complexity of activity level assessments concerning DNA evidence, and the 
usefulness of Bayesian networks to visualise and explore the issues of interest 
for a given case. 
Keywords: DNA transfer; Handshaking; Activity level propositions; Bayesian 
network 
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1. Introduction 
Over the last 15 years, there have been an increasing number of cases worldwide 
where DNA evidence has been questioned due to uncertainty about the activities 
that lead to its deposition as in R v Hillier [1], R v Weller [2] and the case of the 
‘Death of Meredith Kercher’ [3]. Several of these cases have been highlighted in 
the media, drawing significant attention to the methods applied to evaluate such 
evidence. While each case has different aspects that are unique to the scenario 
presented, the generic statements about the possibility of transfer do not 
adequately address the reoccurring questions being raised. 
When considering propositions relating to activities of interest, termed activity 
level within the hierarchy of propositions [4, 5], the DNA findings are evaluated in 
light of how they support the competing propositions from prosecution and 
defence. Such evaluations often require the analyst to assess the likelihood that 
DNA was transferred indirectly (secondary transfer or further), compared to the 
possibility that it was transferred through direct contact with an item or surface. 
Knowledge of the factors affecting DNA transfer, persistence, prevalence and 
recovery (DNA-TPPR) within the context of a case are of importance to enable 
an accurate and case-specific assessment of the likelihood of biological 
examination results given particular activities. To inform the courts properly, 
analysts must draw upon DNA-TPPR data from relevant in-house and/or 
published studies, or, in the absence of objective data, expert elicitation, where 
the expert (with or without assistance from multiple experts) provides an opinion 
based on their knowledge and experience [6]. The authors advocate the use of 
objective data over expert elicitation, though a statement of limitations should 
accompany the use of data from either method. 
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While extensive research has/is being undertaken to extend our knowledge on 
DNA-TPPR in various scenarios, i.e. [7-20], the number of factors influencing 
transfer events, and high degree of variability within and between these factors, 
complicate activity level assessments [21]. However, this should not deter 
forensic practitioners from proceeding with such evaluations [22, 23]. 
Probabilistic methods have previously been demonstrated by others to be useful 
in addressing questions relating to activities [7, 15]. Furthermore, as a graphical 
representation of Bayesian formulations, Bayesian networks (BNs) simplify 
working with complex statistical formulae and have been used to address 
questions at source [24-26] and activity level [27-29]. The ease with which 
Bayesian networks can be used to incorporate multiple variables make them ideal 
in complex cases, enabling the investigation of a diverse range of scenarios and 
factors. The use of empirical data to inform parameters decreases subjectivity, 
while the ability to graphically model case-specific scenarios with clearly defined 
relationships and assumptions among variables, provides transparency. 
Furthermore, the ability to analyse the impact of assumptions and the sensitivity 
of the likelihood ratio (LR) to changes in variables, can inform the need and 
relevance of data or specific variables [30].  
Here we use aspects of the “Fitzgerald case” from South Australia [31, 32] as a 
demonstration of how Bayesian networks can be used to evaluate DNA evidence 
when considering a pair of activity level propositions within the context of a case. 
This case was selected because of the numerous variables to be considered, the 
commonality of the factors and issues across cases, the various levels of 
uncertainty surrounding the activities involved and the fact that descriptions of 
activities deemed potentially relevant in the case were publically available. This 
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case is primarily used as an example and it is not our intention to re-evaluate the 
evidence or the case specifically, but to simply demonstrate a conceptual 
framework for how certain aspects of cases like this might be evaluated in the 
future. As a result, there are many aspects of the case that are not mentioned or 
considered. Further, as the case was selected only as an exemplar of issues 
facing forensic biologists, the circumstances and variables have not been exactly 
replicated, but have been modelled within the research laboratory to provide 
indicative data in similar scenarios. As such, estimates of evidentiary weight 
should not be applied to the specific case utilised. 
1.1 Case circumstances and forensic results 
Here we provide a brief outline of the case circumstances. For further information 
see [31] and [32]. In the early hours of the morning, a large group (6+) of male 
offenders yielding weapons forced entry into a home that was being occupied by 
a number of individuals. Two of the occupants (D and K) were critically injured, 
with one (D) later dying in hospital. Sumner, who had been at the house visiting 
relatives prior to the attack, was charged with murder. 
Along with other items, a didgeridoo found near the deceased was submitted for 
DNA testing. The didgeridoo, normally kept beside a washing machine in the 
laundry and used infrequently, was played by the deceased (D) just hours before 
the attack. There was no evidence as to how it came to be in the lounge or 
whether it was used in the attack. 
A number of samples were collected (scrapings, swabs and tape-lifts) from 
bloodlike stains (visual and presumptive tests) on the didgeridoo and DNA 
profiles generated. A sample obtained from one end of the didgeridoo, which 
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consisted of two blood-like spots, gave a mixed DNA profile that could be 
explained by a minimum of two contributors. Following a database search, the 
major component within the profile linked to Fitzgerald with a LR of 200 million; 
an unknown source contributed to the minor component. Fitzgerald’s contribution 
to this DNA profile was the only evidence linking him to the offence. Contributors 
to other profiles obtained from the didgeridoo consisted of the victims (D and K), 
frequently as major contributors, and unknown source/s as the minor component, 
although some profiles were too complex for interpretation or contained 
insufficient material to obtain a profile. 
Fitzgerald claimed that he was not involved in the attack and had no association 
with the house or its occupants. He maintained that his DNA came to be on the 
didgeridoo through secondary transfer via Sumner, where earlier in the evening 
(~8 h prior to the attack) he shook hands with Sumner at a boxing tournament, 
once as Sumner arrived and once as Sumner departed. Sumner, who arrived at 
the house ~40 min after the boxing match, did not dispute the acquaintance with 
Fitzgerald or the handshakes at the boxing match. During his ~5 h visit to the 
house, Sumner became involved in several altercations before leaving. Sumner’s 
presence during the attack several hours later was supported by witnesses and 
DNA evidence, though his DNA was not detected on the didgeridoo. 
Despite Fitzgerald claiming he had no involvement in the offence and that his 
DNA had been secondarily transferred to the didgeridoo during the offence (8 h 
post-handshake), Fitzgerald was convicted of murder (along with Sumner) based 
on DNA evidence alone. An appeal some years later saw Fitzgerald acquitted, 
as the possibility of secondary transfer during Sumner’s first visit to the house 
could not be ruled out [32]. 
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1.2 Objectives 
Both source and activity level propositions are of interest in this case as they were 
both raised at trial. In this paper, we aim to address questions at activity level. 
Hence, with matching DNA profiles we explicitly assume that a sample contains 
DNA of the person of interest (POI). Based on the timeline of events and points 
raised in the case, it was hypothesised that secondary transfer of Fitzgerald’s 
DNA via Sumner could have occurred on Sumner’s first visit to the house 
(between 40 min to 5 h after the handshake with Fitzgerald), or on Sumner’s 
second visit to the house during the attack (8 h post-handshake). 
We designed a series of Bayesian networks to deal with specific aspects of this 
case. During the identification of relevant parameters, it became evident that 
there was a lack of data relating to the persistence of transferred DNA on hands 
over time. As a result, we performed a number of handshaking experiments 
based on the time intervals presented in the case, and collected the data required 
to calculate the probabilities for use in the Bayesian networks. To provide a 
broader application to the data collected, an axe handle was used as a substitute 
for a didgeridoo. In addition, data collected from the timeframes observed by 
Szkuta et al. [17], namely, immediate deposition post-handshake and 15 min, 
were also incorporated to broaden the application of the Bayesian networks 
beyond this case. Furthermore, we explore the impact of changes to the various 
parameter values on the LR by performing sensitivity analyses. Based on these 
objectives, the structure of this paper follows the case investigation process, 
where, generally, one would first design a model, identify relevant parameters, 
and then collect the data needed to inform those. 
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2. Bayesian network construction 
The Bayesian network in Fig. 1 (BN1) considers the core case circumstances 
outlined earlier and was built using Hugin Expert software (Hugin Explorer v8.5). 
For more information on this software, we direct the reader to 
http://www.hugin.com/index.php/publications. A number of variables (nodes) with 
various dependencies (arrows) were considered during the construction of BN1. 
Starting at the ‘DNA profiling results’ node and working backwards, these results 
will inevitably be influenced by whose DNA may be present on the didgeridoo, 
whether from Fitzgerald (F), Sumner (S), the victims (V) and/or unknown persons 
(U), which is in turn influenced by how their DNA got there (from holding the 
didgeridoo or other means), which is influenced by the person performing the 
activity. From this, we can infer whether the DNA evidence speaks to the 
presence of Fitzgerald during the alleged offence (our propositions). We explore 
BN1 (Fig. 1) further over the following sections. The probability tables that apply 
to the nodes in BN1 are presented in Tables A1-8 (see appendix). 
2.1 Was Fitzgerald present? 
The two competing propositions we have considered are: 
Proposition 1:  Fitzgerald was present in the house during the attack and 
held the didgeridoo  
Proposition 2: Fitzgerald was not present in the house during the attack 
and someone else held the didgeridoo.  
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We use the term ‘held’ to define the type of contact as it was not previously 
defined (i.e. no evidence as to how the digeridoo came to be in the lounge or 
whether it was used in the attack). Typically, propositions should be specific to 
the case circumstances, however, we assume that in this instance the didgeridoo 
was contacted by someone at some point and that the transfer probabilities would 
not vary significantly if the didgeridoo was held, or grabbed and used forcefully. 
For more information on formulating propositions, we direct the reader to [33-36]. 
Within BN1 (Fig. 1), node 1.1 ‘Was Fitzgerald present?’ has two states, ‘yes’ and 
‘no’ with equal prior probabilities (Table A1). These prior probabilities do not 
necessarily reflect case circumstances. It is up to the court to take the prior 
probability of Fitzgerald being present into account based on the full case 
information that is available. We restrict our assessment to the relevance of the 
findings of the biological traces examined. By using a uniform prior, the posterior 
odds calculated by the Bayesian network will equal the LR. When BN1 is 
instantiated with the proposed circumstances and findings (Fig 1, green nodes), 
the states within node 1.1 provide the posterior probabilities for our competing 
propositions, as they are a product of the prior information. 
2.2 Person who held the didgeridoo 
Node 1.2 ‘Person who held the didgeridoo’ in BN1 (Fig. 1) includes our sub-
propositions. Here we consider all the possible individuals who may have held 
the didgeridoo during the incident. As suggested by Evett et al. [33], sub-
propositions need to be exhaustive within the context of a case. Since individuals 
other than F and S were present inside the house during (and prior to) the 
incident, additional propositions need to be considered, whereby one of the 
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victims (V) or an unknown person (U) may have held the didgeridoo. We cannot 
exclude the possibility, since no evidence is provided to warrant us doing so, that 
only Fitzgerald or Sumner held the didgeridoo. Therefore, this node has the states 
‘Fitzgerald’, ‘Sumner’, ‘victim/s’ and ‘unknown person’. It is assumed that only one 
individual held the didgeridoo at the time of the offence, therefore, the states in 
this node are mutually exclusive. 
In this instance, we have grouped the victims, as they do not have a significant 
impact on the overarching questions being posed. If, for example, the 
propositions changed, then the victims could be considered separately. 
For this node (Fig. 1, node 1.2), we set our prior probabilities without data 
collection as shown in Table A2. Given the assumption that handling of the 
didgeridoo is mutually exclusive, under the proposition 1, Fitzgerald was present 
at the scene and held the didgeridoo, the probability of him holding the didgeridoo 
is equal to one and the probability of anyone else (Sumner, victim/s or unknown) 
holding the didgeridoo is equal to zero. Given there is no suggestion that 
Fitzgerald may have been present but not participating, under proposition 1 we 
assume that if he was present he took part and held the didgeridoo. 
Considering proposition 2, that Fitzgerald was not present and someone else held 
the didgeridoo (i.e. a probability of zero), we set the probability of this person 
being Sumner, victim/s or unknown as equal (Table A2). The use of a uniform 
prior in this instance is a default option, but may not be the most reasonable 
choice given the case circumstances. The impact of using uniform priors for this 
node is discussed in section 4.2.6. 
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2.3 DNA [F, S, V, U] on didgeridoo 
Within nodes 1.3A, B, C and D of BN1 (Fig. 1), we consider who might contribute 
to the DNA profile/s generated from the didgeridoo depending on the person who 
held the didgeridoo, whether Fitzgerald (F), Sumner (S), victim/s (V) or unknown 
(U). Though the probability tables vary for each of these nodes, for simplicity, the 
probability table for node 1.3A ‘DNA F on didgeridoo’ is included as an example 
(Table A3). Given the finding of DNA from each of these individuals has a 
conditional dependency on the activities resulting in its deposition, whether 
through direct contact or alternate means, the nodes ‘Transfer/Persistence – 
activity’ (1.4), ‘Transfer/Persistence of [F,S,V] – relation’ (1.5A,C,D) and 
‘Background DNA’ (1.6), were considered when setting our prior probabilities for 
nodes ‘DNA [F, S, V, U] on didgeridoo’ (1.3A,B,C,D). 
2.4 Transfer/Persistence - activity 
Node 1.4 in BN1 (Fig. 1) considers the probability of (primary) transfer, 
persistence and recovery of DNA from the individual performing the activity i.e. 
holding the didgeridoo during the incident. Recovery of DNA coupled with the 
area sampled is considered here. Although nine samples were taken from 
presumed bloodstains on the didgeridoo, and larger areas that may have been 
contacted by the individual were not sampled, we are defining the area contacted 
during holding as ‘those areas that were sampled by the examiner’. 
In Table A4 we provide unadjusted counts and transfer probabilities (based on a 
uniform prior) for node 1.4. These probabilities were determined from 
experimental data observing how frequently the depositor was detected on the 
axe handle in the present study (see section 4, Table 2) and on the first glass 
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plate in a study by Szkuta et al. [17] (results summarised in Supplementary Table 
1). 
2.5 Transfer/Persistence of [F, S, V] - relation 
Nodes 1.5A, C and D of BN1 (Fig. 1) consider the transfer, persistence and 
recovery of DNA from Fitzgerald, Sumner or the victim/s through another event 
or relationship, other than the act of holding the didgeridoo during the incident. 
Hence, the probability of transfer/persistence (T/P) through relation is different for 
each individual and is dependent on the circumstances proposed. 
For Fitzgerald, this relation is the handshake with Sumner at the boxing match; it 
is assumed, and supported by court transcripts, that there is no other link between 
Fitzgerald, the didgeridoo and the premises prior to the incident. Because of 
variations in the timing of events and contacts, node 1.5A ‘T/P of Fitzgerald – 
relation’ has a conditional dependency on node 1.5B ‘Time since last handshake’. 
This node (1.5B) has five states with equal prior probabilities (0.2), including the 
timeframes determined by the case circumstances (40 min, 5 h and 8 h) and the 
additional timeframes investigated by Szkuta et al. [17] (immediate and 15 min). 
In BN1 (Fig. 1), we have assumed that Fitzgerald’s DNA was transferred to the 
didgeridoo by Sumner on one occasion only, whether on Sumner’s first visit to 
the house or during the incident. Given Sumner visited the house on two separate 
occasions, multiple opportunities exist for the transfer of Fitzgerald’s DNA to the 
didgeridoo. In section 4.2.3, we consider the two pathways of secondary transfer 
and explore its dual occurrence through a combination of different timeframes. 
In Table A5, we provide unadjusted counts and transfer probabilities (based on a 
uniform prior) for node 1.5A. Given the handshake with Sumner is considered the 
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only means by which the DNA of Fitzgerald could have arrived on the didgeridoo 
under proposition 2, and we assume that only one individual touched the 
didgeridoo during the offence, the probability of transfer through relation if the 
individual contacting the didgeridoo was Fitzgerald himself or any other individual 
other than Sumner will be zero. 
The relationship between Sumner and the didgeridoo is his previous interactions 
with the house (before the activities of interest) and its occupants, where he may 
have come into direct contact with the didgeridoo, or his DNA may have been 
transferred through indirect means (secondary transfer or further). As there is no 
evidence to suggest Sumner’s DNA could have been transferred at another time, 
we assume that there is an equal probability (0.5) of it being transferred to the 
didgeridoo at some point (Table A6). As such, the prior probabilities within node 
1.5C ‘T/P of Sumner – relation’ were assigned without data collection. Instead, 
we considered the circumstances relating to Sumner, coupled with knowledge of 
transfer rates relevant to this scenario. 
Prior to the offence, there was evidence given that one of the victims (V) played 
the didgeridoo. As such, we have considered the probability of DNA transfer of V 
through relation to be high in this instance. Assigning the prior probabilities within 
node 1.5D ‘T/P of victim/s – relation’, we considered the possibility of transfer 
through direct contact with the didgeridoo at some point prior to the offence and, 
subsequently, the persistence of any transferred DNA given that it may have been 
contacted by others prior to and during the offence (Table A7). 
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2.6 Background DNA 
Node 1.6 ‘Background DNA’ (Fig. 1) considers the presence of DNA from 
unknown (U) individuals (i.e. any individual that is not F, S or V) that may already 
be present on the didgeridoo prior to the offence taking place, transferred through 
direct contact at some point prior to the offence, and indirectly transferred to the 
didgeridoo during the offence. This node does not consider the transfer of U 
through the activity of holding the didgeridoo during the offence itself. 
In Table A8, we provide unadjusted counts and transfer probabilities (based on a 
uniform prior) for node 1.6. To calculate these probabilities we considered the 
transfer and detection of DNA from unknown persons on the axe handle in the 
present study (see section 4, Table 2), and from personal items (i.e. items owned 
and used by one owner) that had been used by another individual in a study by 
van Oorschot et al. [19]. While the latter scenario is not identical to the one at 
hand, this gives a general probability of detecting foreign DNA on an object 
owned by one person but used by another; alleles foreign to the POIs (1st and 
2nd users) were observed in 68.3% (~74 of 108). 
2.7 DNA profiling results 
Node 1.7 (Fig. 1), includes all the possible combinations of DNA profiling results. 
LR at sub-source is not included, hence, we assume that if DNA found on the 
digeridoo is linked to an individual, the DNA is theirs and it is not contested. For 
simplicity, the Bayes nets presented in this paper consider all traces secured from 
the didgeridoo as a single ‘meta trace’ i.e. all DNA typing results from all individual 
samples are considered together. Extending the Bayes net to consider multiple 
traces increases its complexity. For more information on combining evidence, we 
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direct the reader to [29, 37]. As a result, the individual location of sampling, and 
the ensuing profile, is not considered. Furthermore, we restrict the Bayesian 
networks presented herein to consider the presence/absence of DNA, as 
opposed to DNA quantities and the relative contributions by individuals within the 
profiles. For more information on incorporating these factors we direct the reader 
to [28]. 
 
3. DNA transfer experiment 
3.1 Experimental design 
As previously described by Szkuta et al [17], different male (n = 11) and/or female 
(n = 25) volunteers who did not share the same living or working spaces were 
paired on eighteen separate occasions and a firm handshake performed for 10 s 
with their right hands (unwashed). In the current study, the handshake was 
repeated following a 10 s delay in order to simulate the general case 
circumstances. Following the two handshakes, individuals returned to their daily 
activities for an interval of 40 min (n = 12), 5 h (n = 12) or 8 h (n = 12), before 
returning to firmly grasp a lacquered timber axe handle with their right hand 
(Supplementary Fig. 1), rotating the hand in order to create friction (10 s). 
Deposits on the axe handle were collected using a wet-moist swabbing technique 
(150C swabs, Copan). As described by Szkuta et al. [17], samples were also 
taken from the individual’s right and left hands following contact with the handle. 
Although these data were not included in the Bayesian networks presented 
herein, results from the right and left hands were used to inform on patterns of 
retention. Questionnaires were completed by individuals following their 
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participation to assist evaluations of potential impacts of various activities on the 
transfer and/or retention of DNA during and after the handshake. As a result of 
pairing, each of the 36 participants acted as both a “depositor”, directly depositing 
their own DNA on the axe handle, and as a “known contributor”, indirectly 
contributing their DNA to another depositor’s contribution on the axe handle. 
3.2 Quality control 
Participant pairs did not come into contact, nor were they in the same vicinity, 
prior to or following the handshake. A facemask was worn by participants (fitted 
and removed by the researcher wearing appropriate protective clothing) and the 
researcher during their interactions. 
Axe handles were cleaned prior to and following use with 1% hypochlorite, wiped 
dry, followed by a water rinse and wiped dry. Samples were taken (wet/dry 
swabbing) following cleaning to assess their DNA-free status (n = 30). In addition, 
standard quality control procedures were followed during sample processing. 
Results were as expected with negative controls yielding no DNA and positive 
controls producing complete and correct profiles with no contaminating DNA 
detected.  
3.3 Sample processing and analysis 
Sample collection through to processing occurred as per Szkuta et al. [17], with 
a minor adjustment to the quantification method applied. Sample processing 
methodology changed slightly during the study, so that samples generated from 
participants 13 to 24 (5 h delay) produced a final extraction volume of 50 µL and 
samples were quantified with Quantifiler® (Life Technologies, USA), while 
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samples generated from participants 1 to 12 (40 min delay) and participants 25 
to 26 (8 h delay) produced final extraction volumes of 50 µL and 60 µL 
respectively and were quantified with Quantifiler® Trio (Life Technologies, USA) 
(Supplementary Table 2). 
3.4 DNA profile interpretation and data analysis 
DNA profiles generated in this study were assessed using the DNA profile 
interpretation methods described by Szkuta et al. [17] including the assignment 
of LRs to the POIs (depositor and/or known contributor) at sub-source level using 
statistical software STRmix™ (v2.4.5, ESR, New Zealand), where a LR > 1 
supports the prosecution hypothesis (Hp), a LR < 1 supports the defence 
hypothesis (Hd), and a LR = 0 indicates an exclusion; the application of verbal 
descriptions to the LRs obtained (as per [38]); and the use of mixture proportions 
(%) determined by STRmix™ to infer contributions from the depositor, known 
contributor and/or unknown sources within profiles deemed resolvable (major 
assigned), semi-resolvable (no major or minor, but proportions distinct) and 
unresolvable (equal proportions). In addition, allele and peak height contributions 
were assigned to the depositor and known contributor following this method [17]. 
One-sample t-tests were performed within groups of data (axe handle and the 
right and left hands of the depositor) to compare DNA quantities between 
participants, whilst independent sample t-tests were used to compare DNA 
quantities between groups and test variables. A significance level of p = 0.05 was 
used. Statistical analyses were performed in SPSS Statistics v 24 (IBM, USA). 
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4. Results and discussion 
4.1 DNA transfer experiment 
4.1.1 Quantification 
A summary of the results obtained from the 108 samples collected from contacted 
axe handles and the right and left hands of the depositor 40 min, 5 h or 8 h after 
shaking hands with the known contributor are presented in Table 1 (refer to 
Supplementary Table 2 for detailed results). DNA quantities varied significantly 
between deposits on axe handles (t35 = 4.230, p < 0.001), between samples 
generated from the right hand of depositors (t34 = 5.430, p < 0.001) and between 
samples generated from the left hand of depositors (t34 = 4.702, p < 0.001). In 
general, no significant (t68 = -1.283, p = 0.204) difference in DNA quantity was 
observed between samples generated from the right and left hands of depositors. 
While this observation is consistent with the findings of Goray et al. [10] and 
Tobias et al. [39], an earlier study by Phipps and Petricevic [40] found the amount 
of DNA recovered from held plastic tubes differed between hands. Variation in 
the method of deposition may be the cause of difference, with recent studies 
involving contact with flat surfaces as opposed to gripping round tubes. 
On average, significantly (t34 = -2.271, p < 0.05) greater quantities of DNA were 
contributed to the axe handle by male depositors (8.9 ng) compared to female 
depositors (3.3 ng). This finding is consistent with other studies, where males 
were observed as better shedders of their own DNA than females [10, 41]. In the 
current study, the same trend in DNA quantities was not observed in samples 
generated from the right (t33 = -0.786, p = 0.438) and left (t33 = 0.096, p = 0.924) 
hands of male and female depositors. 
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Table 1. Summary of results from 108 samples collected from axe handles contacted 40 min, 5 h 
or 8 h post-handshake, and directly from the right and left hands of the depositor following contact 
with the axe handles. Alleles not attributed to the depositor or known contributor are termed 
‘unknown’. RH = Right Hand; LH = Left Hand; Avg. = Average. Refer to Supplementary Table 2 
for detailed results. 
   40 minutes  5 hours  8 hours 
Axe 
handle 
Sample size (n)  12  12  12 
DNA yield (ng)  0.4 - 6.0 (avg. 1.7)  0.8 - 34.2 (avg. 8.7)  0.2 - 19.7 (avg. 4.7) 
No. of contributors  1 – 4 (avg. 3)  2 – 4 (avg. 3)  2 – 4 (avg. 3) 
Range total alleles (number)  37 – 100 (avg. 61)  40 – 72 (avg. 54)  27 – 66 (avg. 48) 
Depositor unique alleles (%)  76 – 100 (avg. 96)  83 - 100 (avg. 96)  61 – 100 (avg. 90) 
Known contributor unique 
alleles (%) 
 0 - 76 (avg. 34)  4 - 50 (avg. 23)  0 – 46 (avg. 14) 
Unknown alleles  0 - 48 (avg. 14)  0 - 26 (avg. 11)  1 – 20 (avg. 9) 
Right 
hand 
Sample size (n)  12  11 a  12 
DNA yield (ng)  0.7 - 6.0 (avg. 2.6)  0.1 - 37.1 (avg. 17.2)  0.4 - 29.0 (avg. 10.7) 
No. of contributors  2 - 4 (avg. 3)  1 - 4 (avg. 3)  1 - 3 (avg. 2) 
Range total alleles (number)  34 – 70 (avg. 56)  25 – 79 (avg. 51)  32 – 68 (avg. 51) 
Depositor unique alleles (%)  60 - 100 (avg. 93)  63 - 100 (avg. 94)  74 – 100 (avg. 95) 
Known contributor unique 
alleles (%) 
 8 - 62 (avg. 33)  0 - 47 (avg. 21)  0 – 35 (avg. 14) 
Unknown alleles  1 - 26 (avg. 12)  0 - 27 (avg. 9)  0 – 22 (avg. 10) 
Left 
hand 
Sample size (n)  12  11 a  12 
DNA yield (ng)  1.1 - 9.6 (avg. 3.7)  2.6 - 85.5 (avg. 23.4)  0.2 - 49.2 (avg. 17.3) 
No. of contributors  1 – 4 (avg. 3)  2 – 4 (avg. 3)  1 – 4 (avg. 3) 
Range total alleles (number)  36 – 90 (avg. 60)  40 – 90 (avg. 56)  12 – 73 (avg. 52) 
Depositor unique alleles (%)  88 - 100 (avg. 96)  92 - 100 (avg. 99)  26 – 100 (avg. 90) 
Known contributor unique 
alleles (%) 
 0 - 59 (avg. 26)  4 - 48 (avg. 19)  0 – 48 (avg. 21) 
Unknown alleles  0 - 40 (avg. 16)  1 - 38 (avg. 13)  1 – 26 (avg. 12) 
a results not obtained for RH and LH for one participant. 
Table 2. Summary of the composition of the profiles obtained from the axe handle contacted 40 
min, 5 h and 8 h post-handshake, and from the right and left hands of the depositor following 
contact with the axe handle. The contribution of DNA foreign to the depositor (D) and known 
contributor (KC) was assigned as unknown (U) in the profiles obtained. 
Composition 
Contributions Axe handle Right hand Left hand 
40 min 5 h 8 h 40 min 5 h 8 h 40 min 5 h 8 h 
Single source Depositor (D) 1 0 0 0 1 1 2 0 1 
Mixed D major, KC + 2U minor 1 1 0 1 1 0 0 0 0 
 D major, 3U minor 0 1 1 1 1 0 2 3 2 
 Semi, D + 3U 1 0 0 1 0 0 0 0 0 
 D major, KC + U minor 2 0 0 2 0 0 0 0 0 
 D major, 2U minor 4 5 4 4 3 5 5 2 5 
 Semi, D + 2U 0 0 0 0 0 0 1 0 0 
 D major, KC minor 0 0 0 0 1 0 0 0 0 
 D major, U minor 3 5 7 3 4 6 2 6 4 
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Table 3. Distribution of STRmix generated likelihood ratios (LR) for the person-of-interest 
(depositor and known contributor) in each DNA profile generated from hand deposits on axe 
handles placed by the depositor 40 min, 5 h or 8 h after shaking hands with the known contributor, 
and from the right (RH) and left (LH) hand of the depositor following contact with the axe handle. 
Each number indicates the frequency of the LRs observed within the ranges indicated (max. 24 
per sample). D = Depositor; KC = Known contributor. 
Sample Interval Excluded Supports 
Hd 
Supports Hp 
10 - 100 
(moderate) 
100 - 103 
(mod. strong) 
103 - 104 
(strong) 
104 - 106 
(ver. strong) 
106 - 1011 
(ext. strong) 
> 1011 
(default b) 
D KC D KC D KC D KC D KC D KC D KC D KC 
Axe 
handle 
40 min  5  4  1  1   1   1 11  
5 h  6  5    1       12  
8 h  11  1           12  
                  
Right 
hand 
40 min  3  6      1  1 1 1 11  
5 h a  5  4    2       11  
8 h  11  1           12  
                  
Left 
hand 
40 min  8  4           12  
5 h a  5  6           11  
8 h  9  3       1    11  
a results not obtained for RH and LH for one participant. 
b a default value of 100 billion (1011) is reported for LRs greater than that value and provides extremely strong support. 
Modifications to the extraction and quantification methods applied by the 
laboratory resulted in the use of varied methods, with the core differences being 
the increase in elution volume from 50 µL to 60 µL and the introduction of 
Quantifiler® Trio. The final elution volume had no significant (t104 = -0.594, p = 
0.554) impact on the quantity of DNA obtained from deposits on the axe handles. 
Interestingly, significantly (t104 = -3.558, p < 0.05) greater quantities of DNA were 
retrieved from samples quantified with Quantifiler® as opposed to Quantifiler® 
Trio. These results, however, should be interpreted with caution, as it cannot be 
established whether the variation in DNA quantities observed between the 
methods applied is a result of the methods themselves, or simply experimental 
design, with substantial variation between participants. Furthermore, the 
difference in DNA quantities should not affect the contributor ratios within the 
DNA profiles generated. 
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4.1.2 Axe handle 
Profiles generated from axe handles contacted 40 min, 5 h or 8 h after shaking 
hands with the known contributor displayed a wide range of alleles (27 – 100; 
Table 1). These profiles ranged from single source to four person mixtures, 
though the number of contributors was generally greater than three (Table 1). 
The depositor was always present as the major, or only, contributor to the profiles 
from the axe handle, with the exception of one four-person mixture generated 
following contact by the depositor 40 min post-handshake (Table 2). In this semi-
resolvable mixture, the depositor and alleles corresponding to a minimum of three 
unknown contributors were detected in near equal proportions. On this occasion, 
the LR provided very strong support for inclusion of the depositor, while in 
remaining profiles, extremely strong support was obtained (Table 3). 
The known contributor was not excluded from three of 12 profiles generated from 
the axe handle contacted by the depositor 40 min post-handshake (Table 2). In 
these mixtures, the known contributor (present along with one or more unknown 
contributors) was not excluded from the semi-resolvable minor component on the 
basis of allele presence and relative peak height. On one occasion, extremely 
strong support for inclusion of the known contributor was obtained, while LRs 
provided moderate to moderately strong support for the remaining two profiles 
(Table 3). Exclusion (including support for Hd) of the known contributor was 
obtained on the other nine occasions. 
The presence of the known contributor in profiles generated from the axe handle 
contacted by the depositor post-handshake decreased when the time between 
shaking hands and contact increased. The known contributor was not excluded 
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from one (of 12) profile generated from the axe handle contacted by the depositor 
5 h post-handshake, while none of the profiles generated 8 h post-handshake 
indicated inclusion of the known contributor (Table 2). Where observed, the 
known contributor was not excluded from the semi-resolvable minor component, 
with LRs providing moderately strong support for inclusion (Table 3). Exclusion 
(including support for Hd) of the known contributor was obtained on the other 11 
occasions when contact was delayed by 5 h, and all 12 occasions when contact 
was delayed by 8 h (Table 3). 
4.1.3 Right and left hands 
As observed in profiles generated from the axe handles, a wide range of alleles 
were displayed in profiles generated from the right and left hands of the depositor 
(12 - 90; Table 1). Similarly, profiles ranging from single source to four person 
mixtures were generated from the hands, with majority of profiles indicating the 
presence of two or more contributors (Table 1). 
The depositor was always present as the major, or only, contributor in the 70 
profiles generated from their right and left hands, with the exception of a four-
person mixture generated from the right hand of one individual and a three-
person mixture from the left hand of another individual (Table 2). In these semi-
resolvable mixtures, the depositor and two or more unknown contributors were 
present in near equal proportions. Extremely strong support for inclusion of the 
depositor was obtained for 69 of 70 profiles (Table 3). In the remaining sample, 
a single source profile obtained from the left hand displaying 12 alleles 
corresponding to the depositor, the LR provided very strong support for inclusion 
(Table 3). 
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The known contributor was not excluded from three of 12 profiles generated from 
the right hand of the depositor following contact with the axe handle 40 min post-
handshake and in two of 12 profiles generated when contact was delayed by 5 h 
(Table 2). In each of these mixtures, the depositor was detected as the major 
contributor while the known contributor was detected in the minor component 
along with or without the presence of one or more unknown contributors (Table 
2). Strong to extremely strong support for inclusion of the known contributor was 
obtained when contact with the axe handle was delayed by 40 min, while 
moderately strong support was obtained when contact with the axe handle 
occurred 5 h post handshake (Table 3). The known contributor was excluded from 
profiles generated from the right hand when contact with the axe handle was 
delayed by 8 h and from profiles generated from all the left hands, with LRs 
supporting Hd or exclusion (Table 3). 
Interestingly, in the three situations where the known contributor was detected on 
the axe handle contacted by the depositor 40 min post-handshake, they were 
also observed in the corresponding profile from the right hand of the depositor. 
This pattern between samples was not observed on the other occasions where 
the known contributor was detected on the axe handle (n = 1) or on the right hand 
of the depositor (n = 2) 5 h post-handshake. It is possible that the manner of 
contact with the axe handle, i.e. not all parts of the hand contacting the surface, 
coupled with unequal distribution of self and non-self DNA on the hands, has 
resulted in these findings. 
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4.1.4 Impact of activities post-handshake 
When the time between the handshake and contact with the axe handle was 40 
min, the influencing factors identified by Szkuta et al. [17] appear to have 
impacted persistence of the known contributor on the hands of the depositor. 
Limited use of the right hand by the depositor (participants 4 and 10), or 
consistent contact with the same objects during the interval and/or contact with 
the same object/s immediately post-handshake and again just prior to contacting 
the axe handle (participant 7) (Supplementary Table 3), appeared to impact 
detectability of the known contributor. 
These factors also appeared to play a role in the persistence of DNA on the hands 
of the depositor when the time increased to 5 h. Increased detectability of the 
known contributor occurred in scenarios where the depositor had reported 
contacting fewer objects (participant 21) or had contacted the same object post-
handshake and pre-contact with the axe handle (participants 13 and 24). 
While no individuals reported having washed their hands during the 40 min 
interval between the handshake and the transfer event, two participants 
reportedly washed their hands between 30 min and 3 h post-handshake during 
the 5 h interval (Supplementary Table 3). On these two occasions, the known 
contributor was not detected in profiles generated from the axe handle or the right 
hand of the depositor. During the 8 h interval, nine participants reportedly washed 
their hands, with majority (5) of participants washing their hands 2 h after the 
handshake (Supplementary Table 3). This may have resulted in the absence of 
the known contributor in samples associated with these participants, though the 
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known contributor was not detected in the other three situations where hands 
were not washed. 
As previously observed by van Oorschot et al. [42], a relatively large number of 
objects and surfaces are contacted by hands within a short space of time, and 
this would be a contributing factor to the persistence of any DNA transferred to 
the hands. Considering the 15 min timeframe investigated by Szkuta et al. [17], 
and the timeframes observed in the present study, the average number of items 
contacted by participants  (self-reported) consistently increased as the time 
between the handshake and the transfer event increased from 15 min (1-5), 40 
min (6-20 items), 5 h (31-50 items) and 8 h (50+ items). 
4.2 Case evaluation using the Bayesian network  
The findings from the biological traces examined in the case showed that DNA of 
Fitzgerald, the victims, and one or more unknown individuals were found on the 
didgeridoo. Our Bayesian networks allow us to explore all potential outcomes of 
the DNA analyses within the parameters considered, however, for the case 
evaluation we will restrict our assessment to this particular set of findings. 
Instantiating this test result in BN1 (Fig. 1) gives us a LR of 356 in support of 
proposition 1. This assessment is without instantiating node 1.5B ‘Time since last 
handshake’ that will inform the probability of secondary transfer. Hence, these 
probabilities are averaged in this initial assessment. We will first explore the effect 
of different time intervals between the last handshake and potential secondary 
transfer of Fitzgerald’s DNA to the didgeridoo on the LR, followed by the impact 
of DNA transfer during the activity (direct contact). Modelling of the two transfer 
events (prior visit of Sumner to the house and during the incident) and the 
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absence of Sumner’s DNA on the didgeridoo in BN2 (Fig. 3) and BN3 (Fig. 4) 
respectively, will be discussed along with the impact of these parameters on the 
LR.  
4.2.1 Time since last handshake 
During the trial, it was alleged that Sumner transferred Fitzgerald’s DNA to the 
didgeridoo during the offence, 8 h after the last handshake. Instantiating node 
1.5B ‘Time since last handshake’ in BN1 (Fig. 1) with this information, we see 
that the evidence supports Fitzgerald being present (proposition 1) over his 
absence (proposition 2) with a LR of 1385. 
On appeal of the guilty verdict, it was proposed that transfer occurred on 
Sumner’s first visit to the house, roughly 40 min post-handshake. Here we also 
consider that transfer could have occurred at any point leading up to Sumner 
leaving the premises (~5 h after the last handshake). In addition, we consider 
contact with the didgeridoo immediately or 15 min post-handshake, although 
these timeframes are not reasonable under the case circumstances. 
When the interval between the last handshake and the secondary transfer event 
is reduced from 8 h to 5 h, support for proposition 1 over proposition 2 decreases 
by an order of magnitude (692). This is due to a two-fold increase in the probability 
of secondary transfer (from 0.07 to 0.14) under proposition 2. The LR decreases 
further following reduction of the interval to 40 or 15 min (334), or when immediate 
contact is assumed (170), though we still observe support for proposition 1 over 
proposition 2. 
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4.2.2 Transfer/Persistence during activity 
Node 1.4 ‘T/P – activity’ in BN1 (Fig. 1) has an assigned probability of direct DNA 
transfer of 0.97. This is a high probability of transfer compared to some other 
studies on primary transfer [40, 43, 44], though the use of a more sensitive 
profiling method in the current study may have resulted in this observation. 
Considering a study by Daly et al. [43], where profiles were generated from a 
contacted wooden object, we can assign a lower probability for primary transfer 
of 0.33. A lower probability on this event is likely to lower the probability of 
observing the DNA typing result under the prosecution proposition. Focusing on 
the three intervals relevant to the case (40 min, 5 h and 8 h), we will explore this 
by varying the probability of primary transfer between zero and one and observe 
the effect on the LR (Fig. 2). 
 
Fig. 2 Sensitivity analysis performed on BN1 for parameter node 1.4 ‘Transfer/Persistence – 
activity’ given three states for node 1.5B ‘Time since handshake’. 
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The graph in Fig. 2 demonstrates that for the lower bound for the probability of 
transfer through activity (0.33), the DNA typing results support proposition 1 over 
proposition 2 with a LR of 5 (for time since last handshake 40 min) up to a LR of 
21 (8 h). For the upper bound for the probability of transfer through activity (0.93), 
the DNA typing results support proposition 1 over proposition 2 with a LR of 334 
(40 min) up to a LR of 1385 (8 h). The results will generally support proposition 1 
over proposition 2, except for extremely low (and under the case circumstances 
unlikely) probabilities of primary transfer. 
4.2.3 Two pathways of secondary transfer 
As previously indicated, two opportunities exist for Fitzgerald’s DNA to transfer to 
the didgeridoo from the hands of Sumner. First is the visit by Sumner to the 
victim’s house prior to the incident within 40 min to 5 h after the last handshake 
between Fitzgerald and Sumner. The second transfer may have occurred during 
the incident, 8 h after the last handshake. We consider these two potential 
transfer events of Fitzgerald’s DNA through the hands of Sumner in BN2 (Fig. 3). 
To model these events, two pathways of secondary transfer via Sumner were 
included in BN2; nodes 2.5A ‘T/P of Fitzgerald – incident’ and 2.8A ‘T/P of 
Fitzgerald – prior visit’. Both nodes have conditional dependencies on the time 
since last handshake (nodes 2.5B and 2.8B respectively). We informed nodes 
2.5A and 2.8A with the probabilities presented in Table A5 and assigned equal 
prior probabilities to the time since last handshake nodes (2.5B and 2.8B). 
After instantiating the DNA typing results in BN2 (Fig. 3), setting the secondary 
transfer during the incident to 8 h (node 2.5B) allows us to assess the effect of 
combined time intervals on the LR. Proposing that during Sumner’s first visit, 
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secondary transfer occurred 40 min post-handshake, a LR of 3 is obtained, which 
increases to 7 when we infer that the transfer occurred after 5 h. 
In general, we see a substantial decrease in the strength of support for 
Fitzgerald’s presence during the offence (proposition 1) over his absence 
(proposition 2), when considering the two secondary transfer events, compared 
to the LRs observed following a single transfer. This is due to the fact that the first 
secondary transfer event (during Sumner’s prior visit) is now true under both 
propositions. 
4.2.4 Absence of Sumner’s DNA 
One crucial observation has not been modelled yet: the absence of Sumner’s 
DNA, while being the vector of Fitzgerald’s DNA under the secondary transfer 
scenarios. Building on the scenario presented in BN2 (Fig. 3), in BN3 (Fig. 4) we 
explore the effect of not observing Sumner’s DNA by adding two arrows from 
node 3.3B ‘DNA S on Didgeridoo’ to nodes 3.5A ‘T/P of Fitzgerald – incident’ and 
3.8A‘T/P of Fitzgerald – prior visit’. This forces us to consider (for each interval of 
time since handshake) the probability of observing Fitzgerald’s DNA while not 
observing Sumner’s DNA.  
We inform these probabilities by multiplying the probability of transfer obtained 
from our experiments by the probability of ‘contributor inversion’. The latter is 
deemed to be the observation of DNA from a known contributor as the major 
component, while the contribution from the depositor (the vector of the known 
contributors’ DNA) is detected to a lesser extent or not at all [45]. We inform this 
probability from relevant studies [10, 12, 17, 44, 46, 47] conservatively at 0.05. 
The multiplication results are shown in Table A9 for node 3.8A‘T/P of Fitzgerald 
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– prior visit’, though the probabilities are also used to inform node 3.5A ‘T/P of 
Fitzgerald – incident’ (Fig. 4). 
Since Sumner’s DNA was not found on the didgeridoo, we now see a substantial 
increase in the LR compared to those determined previously in the scenario 
presented in BN2 (Fig. 3). The combined transfer of Fitzgerald’s DNA during 
Sumner’s prior visit to the house 40 min after the last handshake, and during the 
incident 8 h post-handshake, supports Fitzgerald’s presence during the offence 
(proposition 1) with a LR of 72. When the time between the handshake and 
secondary transfer (prior visit) increases to 5 h, the LR subsequently increases 
to 150. 
By setting the time since handshake during the incident at 8 h, we can explore 
the impact of the time since handshake during Sumner’s prior visit on the LR (Fig. 
5). Considering the lower bound for the probability of transfer through activity 
(0.33), the DNA typing results support proposition 1 over proposition 2 with a LR 
of 22 (for time since last handshake 40 min) and up to a LR of 44 (5 h). For the 
upper bound for the probability of transfer through activity (0.93), the DNA typing 
results support proposition 1 over proposition 2 with a LR of 72 (40 min) and up 
to a LR of 150 (5 h). As previously observed in section 4.2.2 (Fig. 2), the results 
will generally support proposition 1 over proposition 2, except for extremely low 
(and under the case circumstances unlikely) probabilities of primary transfer. 
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Fig. 5 Sensitivity analysis performed on BN3 for parameter node 3.4 ‘Transfer/Persistence – 
activity’ given node 3.5B ‘Time since handshake’ during incident set at 8 h. Graphs displayed for 
two values of node 3.8B ‘Time since handshake’ during prior visit (40 min and 5 h). 
 
 
Fig. 6 Sensitivity analysis performed on BN3 for parameter node 3.6 ‘Background DNA’ given 
node 3.5B ‘Time since handshake’ during incident set at 8 h. Graphs displayed for two values of 
node 3.8B ‘Time since handshake’ during prior visit (40 min and 5 h). 
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4.2.5 Background DNA 
Since DNA of one or more unknown individuals was found on the didgeridoo, the 
probability of finding background DNA on this item will impact the LR. With a high 
probability of finding background DNA, its observation becomes irrelevant since 
it is likely to be observed under both propositions. Conversely, with a low 
probability of finding background DNA, finding DNA of unknown’s supports an 
unknown handling the didgeridoo during the incident, and hence Fitzgerald being 
absent. This is demonstrated in the graph in Fig. 6. 
With a probability of 0.76 of finding background DNA assigned to node 3.6 
‘Background DNA’ in BN3 (Fig. 4), we calculated a LR of 72 for the 40-minute 
time interval. If we consider a 99.9% confidence interval for our observation of 
129 profiles with background DNA from a sample of 168 (Table A8), a lower 
bound for the probability of finding background DNA would be 0.64. This lower 
bound probability results in a LR of 71.  
4.2.6. Prior on individual handling the didgeridoo during the incident 
Under proposition 1, we have set the prior of Fitzgerald handling the didgeridoo 
to 1 over 0 for Sumner, victim/s and unknown person (see Table A2). Under 
proposition 2 this is 0/1/1/1. When using Bayesian networks, the forensic 
practitioner needs to inform this prior. Ideally, this prior is identified between 
parties during pre-court exchanges, or in court. There may be relevant 
information in the casefile that may inform this prior. For instance, the victim may 
have stated that he did not handle the didgeridoo during the incident. Given the 
information available from court transcripts, we see that (at least) six individuals 
entered the premises during the incident. Under proposition 2 this would be 
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Sumner and five unknowns. In addition, one of two victims may have handled the 
didgeridoo. Including this information in the prior results in an adaptation of Table 
A2 (column under proposition 2), the prior would be Fitzgerald (0), Sumner (1), 
Victims (2) and Unknown person (5). Changing the prior on this node with our 
sub-propositions changes the overall LR as well. Given our model BN3 (Fig. 4), 
and the circumstances and probabilities as close to the case circumstances as 
possible (node 3.4 P(T/P during activity) = 0.93; node 3.5B time since handshake 
= 8 h; node 3.8B = 40 min) the LR is 57 (instead of 72). 
4.2.7 Concluding remarks 
The biological traces examined and DNA analysis resulted in finding DNA of 
Fitzgerald, the victim, and an unknown individual on the didgeridoo. Considering 
the two pathways of secondary transfer via Sumner (40 min post-handshake and 
during the incident), and under the propositions and assumptions listed in section 
2, the findings are approximately 57 times more probable if Fitzgerald was 
present at the house than if he was not. In other words, the findings provide 
moderate support (for verbal descriptors see [38]) for proposition 1 over 
proposition 2. 
4.3 Limitations specific to the case 
In addition to the various assumptions made during our assessment of the 
evidence within the R v Fitzgerald case, there are a number of limitations to the 
application of the Bayesian networks to the case that we discuss here. 
Estimating an accurate interval between the last handshake and the possible 
secondary transfer of Fitzgerald’s DNA on Sumner’s first visit to the residence is 
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not possible given the limited information provided in the case transcripts. Though 
we estimate it to be between 40 min and 5 h following the handshake, realistically 
it is likely to have occurred after some time of Sumner being at the residence. 
Factors such as these may have been ascertained during case pre-assessment 
or based on interviews with suspects and victims following the offence. In the 
absence of such information, LRs based on the various possibilities could be 
presented, and discussed, by the relevant parties, or the court provided with 
information that enables them to evaluate the various stories being given. 
Little information regarding the activities performed by Sumner following the 
handshake were obtained/provided in this case. Sumner claimed that as he was 
leaving the boxing match, he shook hands with multiple people, including 
Fitzgerald, before he was driven to the residence where the offence was later 
committed, with little indication of the activities performed after shaking hands 
with Fitzgerald. Factors such as increased contacts with other people and 
surfaces, including whether hands were washed, are likely to result in the loss of 
DNA from Fitzgerald and the potential gain of DNA from others. Details such as 
these would be important to ascertain during case pre-assessment, though in 
most casework situations, intricate details are unlikely to be recounted. 
Given the lack of details surrounding use of the didgeridoo prior to and during the 
offence, it is possible (and not accounted for in our assessment) that multiple 
people may have contacted the didgeridoo. This event is likely to influence 
persistence of traces from Sumner and Fitzgerald, especially if Sumner himself 
held the didgeridoo at some point prior to or during the offence. In consideration 
of this, it is possible that the finding of DNA from Fitzgerald on the didgeridoo, but 
the absence of Sumner, is a result of multiple people contacting the didgeridoo 
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and removing DNA traces. Another crucial point is the possible removal of DNA 
from Fitzgerald transferred by Sumner during his prior visit, through handling of 
the didgeridoo by others (Sumner, victims or unknowns) during the incident. 
While this persistence factor was not incorporated in this assessment, it is likely 
to increase the LR because of a decrease in the probability of finding Fitzgerald’s 
DNA under proposition 2. 
Body fluid type is not considered in any of the Bayesian networks presented. For 
a demonstration of this we would direct the reader to Taylor et al. [48], which 
explores propositions at source level. There was suggestion at trial that the touch 
DNA may come from background DNA and the blood deposited over it. If the 
sample taken from the didgeridoo did in fact contain blood from Fitzgerald as a 
result of being wounded during the violent incident, this finding may increase the 
probability of the result under proposition 1. However, if Fitzgerald’s blood was 
transferred to Sumner during handshaking, the probability of it persisting on his 
hands over time is expected to increase. This will also increase the probability of 
the result under proposition 2. By how much, and whether it will impact the LR, 
was not explored in this study. 
The sampling strategy applied to the didgeridoo was aimed at identifying 
individuals that contacted the didgeridoo during the incident. Given the scenario 
provided by defence counsel, other areas of the digeridoo might be sampled to 
address other modes or timing of transfer. The initial sampling strategy of an item 
or crime scene may not always suffice to address issues at activity level with 
scenario’s that were not (and could not have been) considered at the time. 
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There are some notable differences between the experimental variables and the 
case circumstances. For instance, the size, shape and finish (varnished vs. raw) 
of the axe handle is expected to be marginally different to that of a didgeridoo. 
While the impact of such factors on DNA-TPPR in this scenario is currently 
unknown, it is likely that these factors will influence the manner of contact (friction, 
passive, pressure) and the location/s and area/s contacted, as well as the transfer 
and persistence of DNA. Further, the increased sensitivity of the analysis 
methods used in the current study compared to those used in the Fitzgerald case 
are likely to impact the amount of DNA retrieved and the composition of the DNA 
profiles (see [16]). Given the accuracy of the assessment is improved when 
additional information of relevance is incorporated, future work on obtaining 
information on these variables would be of interest and impact our current and 
future assessments. 
 
5. Conclusion 
We present a series of Bayesian networks, each addressing different features 
specific to the R v Fitzgerald case, in order to evaluate a pair of activity level 
propositions. From its simplest form, considering a single secondary transfer 
event, to modelling two pathways of transfer and the absence of DNA from the 
vector, Bayesian networks can be used to evaluate DNA evidence when the 
activities surrounding its deposition are disputed. Performing experiments 
specific to the case scenario enabled the collection of much needed data on the 
persistence of known non-self DNA on the hands over time, and informed the 
nodes within the Bayesian networks. 
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Following our initial analysis of elements of the case and inferring that the 
secondary transfer of Fitzgerald’s DNA occurred 8 hours after the handshake with 
Sumner, the DNA findings provide strong support for the presence of Fitzgerald 
(proposition 1) over his absence (proposition 2). Modelling two pathways of 
secondary transfer via Sumner (40 min post-handshake and during the incident) 
and the absence of Sumner’s DNA, moderate support for proposition 1 over 
proposition 2 is obtained. Sensitivity analyses show that for reasonable levels of 
transfer and persistence during the activity, and the presence of background 
DNA, the evidence supports proposition 1. 
The analyses and conclusions presented demonstrate both the complexity of 
activity level assessments concerning DNA evidence, and the usefulness of 
Bayesian networks to visualise and explore the issues of interest for a given case. 
In our view, Bayesian networks can be useful tools for the forensic practitioner, 
who can provide the trier of fact with a greater understanding of the impact of 
particular assumptions on the evidence. The models will also dictate which 
aspects of the framework of circumstances are of relevance and might be 
explored in greater detail in a case. Further, the presentation of empirically-
derived LRs provide the court with a more robust assessment of the probative 
value of the evidence, compared to current generic statements about the 
possibility of transfer, and prevents the overstatement of support based on expert 
belief and/or experience, thus providing transparency in the formation of expert 
opinion. 
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Chapter 6  
Discussion and future directions 
 
 
 
6.1 Discussion 
The first part of this thesis explored the possible risks of DNA contamination 
during exhibit examination, and methods of minimising the transfer of DNA within 
and between exhibits. Results showed that DNA-containing material could be 
collected from one exhibit through the application of common examination tools 
(scissors, forceps and gloves) and transferred to other areas of the same exhibit, 
or to another exhibit, if the tools are not cleaned or replaced as they should be 
(Szkuta et al. 2015a; Szkuta et al. 2015b). Since the publication of these results, 
other studies have observed investigator-mediated transfer via nitrile-gloves, 
further highlighting the potential for the investigator to act as a vector for the 
transfer of DNA between various objects and surfaces at the crime scene and 
within the laboratory (Fonneløp et al. 2015; Vogelsberg et al. 2016).  
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Although complete elimination of DNA contamination events in forensic casework 
is unlikely, approaches that minimise the risk of occurrence and maximise 
detection in the event of an incident may decrease its impact. The research 
presented in Chapter 3 confirms the need to maintain strict cleaning protocols, 
diligent recording of equipment and tools that are reused over multiple cases, and 
thorough screening for cross-exhibit contamination to prevent intra- and inter-
case links being erroneously reported due to laboratory transfer and 
contamination of DNA-containing material. 
Informed by studies providing empirical data on the occurrence of DNA 
contamination, reports detailing anti-contamination measures to be undertaken 
during the recovery of evidence at the crime scene (Forensic Science Regulator 
2016) and during the analytical phase (Forensic Science Regulator 2015), have 
been useful in informing forensic practitioners about the risks of DNA 
contamination, while  providing policies surrounding working conditions and 
procedures, as well as the use and replacement of PPE. These reports, along 
with other publications (Ballantyne et al. 2013; van Oorschot et al. 2015), support 
the implementation of programs that monitor the occurrence of contamination 
events, the general presence of DNA within the laboratory, and the effectiveness 
of cleaning regimes, especially prior to the introduction of more sensitive profiling 
systems. Further, the issuing of ISO 18385:2016 by the International 
Organization for Standardization (ISO), which details the requirements for 
‘minimizing the risk of human DNA contamination in products used to collect, 
store and analyze biological material for forensic purposes’ (British Standards 
Institution 2016), ensures that accredited laboratories conform to the international 
minimum standard. 
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In addition to observing DNA transfer during the collection of DNA evidence with 
common examination tools, the increased possibility of detecting DNA transferred 
through routine dusting with fingerprint brushes was demonstrated (Szkuta et al. 
2017b). As described in Chapter 1, the ability for fingerprinting techniques to 
transfer DNA is not a new discovery, with others previously demonstrating its 
occurrence in a variety of situations, though the increased detection of cross-
contamination using profiling techniques with improved sensitivity is highlighted 
in the present study. A recent study by Bolivar et al. (Bolivar et al. 2016) also 
reported an increase in the detection of contamination from fingerprint brushes 
when DNA analysis methods with enhanced sensitivity were applied. These 
findings raise an awareness for laboratories that have moved, or are considering 
moving, to a more sensitive typing system and have not considered amending 
protocols surrounding the cleaning or replacement of fingerprint brushes 
following use, especially those performing fingerprint analyses prior to collecting 
DNA for analysis.  
For many laboratories, the cost of replacing brushes following use is a limiting 
factor. As such, the cleaning of used brushes would therefore be a more cost-
effective method. This led us to investigate cleaning methods for fingerprint 
brushes. To our knowledge, this was the first paper exploring cleaning methods 
for this purpose, and a novel approach is presented using commonly applied 
cleaning solutions. Both 1% hypochlorite and 5% Virkon were found to effectively 
clean and decontaminate brushes, though it is advocated that laboratories to 
consider circumstances surrounding current DNA decontamination methods, the 
sensitivity of PCR and amplification procedures, and when to replace or clean 
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dirty brushes, before adapting a cleaning method. The implementation of a 
program to monitor the effectiveness of the cleaning regime is also advised. 
In Chapters 4 and 5 of this thesis, the variables influencing the direct and indirect 
transfer of DNA during criminal activities were explored, and the effective use of 
probabilistic methods to assess DNA transfer within casework was demonstrated. 
Hands were the primary focus of this thesis, given their previously demonstrated 
ability to deposit, collect and transfer DNA through touch e.g. (Daly et al. 2012; 
Goray et al. 2010). These studies demonstrate the impact of variables such as 
substrate, contact type, and shedder status, on the quantity of touch DNA 
transferred to a surface through contact and the ability for further transfer. In 
addition to observing some of these previously identified variables, we identified 
a number of other factors for consideration in activity-level assessments. The 
general findings are summarised in Table 6.1. 
Since publishing the findings on shedder status (Table 6.1), a further study 
performed by Fonneløp et al. (2017) demonstrated the ability for individuals to be 
classed as good or poor shedders depending on the consistency of the DNA 
quantity deposited through touch. Furthermore, in accordance with our findings, 
males deposited greater quantities of DNA than females, the time since 
handwashing had no impact on the quantity of DNA retrieved, while the wearing 
of nitrile gloves by the depositor decreased the quantity of DNA in deposits. 
Consistency in the findings between these studies strengthens our knowledge on 
factors surrounding DNA-TPPR. 
At present it is unlikely that the shedder status of a suspect in criminal casework 
will be known, although studies demonstrating the use of DNA-TPPR data in 
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Bayesian networks in case evaluations show how a distribution of probabilities 
for shedder status can be incorporated as a parameter in probabilistic 
assessments to evaluate the likelihood of direct and direct transfer (Fonneløp et 
al. 2017; Taylor et al. 2017). Given the taking of biological reference samples is 
already allowed under law, one could potentially envisage a future where the 
court could order the accused to deposit handprints if it was required and able to 
assist the accuracy of the transfer probability estimation. While it may not 
replicate the alleged incident, using empirical evidence to inform the evaluation 
is a better indication than the alternative of uninformed assumptions. 
Table 6.1 Additional factors influencing the direct and indirect transfer of DNA via hands as 
identified in this thesis. 
Factor Observation Impacts Reference 
Gender Males deposited more DNA 
(quantity, alleles and peak height) 
than females 
Direct deposition Goray et al. 
(2016b); Szkuta 
et al. 
((submitted)) 
Shedder status Some individuals consistently 
deposit more or less of their own 
DNA than others. 
Direct and indirect 
transfer 
Goray et al. 
(2016b); Szkuta 
et al. (2017a) 
No. of items 
contacted 
Deposition of self and non-self 
DNA decreased as the number of 
items contacted in between the 
initial and final transfer events 
increased. 
Direct and indirect 
transfer 
Szkuta et al. 
(2017a); Szkuta 
et al. 
((submitted)) 
Duration since 
primary transfer 
Deposition of non-self DNA 
(collected at a certain point) 
decreased as the duration in 
between the initial and final 
transfer events increased. 
Indirect transfer Szkuta et al. 
(2017a); Szkuta 
et al. 
((submitted)) 
Consistent contact 
with the same 
objects 
Contact with the same objects in 
between the initial and final 
transfer events appeared to aid 
retention of non-self DNA 
Indirect transfer Szkuta et al. 
(2017a); Szkuta 
et al. 
((submitted)) 
Parts of the hand 
being used 
Limited use of certain parts of the 
hand between the initial and final 
transfer events appeared to aid 
retention of non-self DNA 
Indirect transfer Szkuta et al. 
(2017a) 
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In Chapter 4, a recent paper by Cale et al. (2016) was discussed in light of the 
overwhelming observation of the phenomenon termed “contributor inversion” 
(Goray et al. 2016a). Further comments by Kokshoorn et al. (2016) reiterate the 
importance of assessing the value of DNA evidence and, thus, the probability of 
indirect transfer of DNA, under the conditions of a particular case. Though studies 
informing on the rate of secondary DNA transfer are important, the increased 
detection of indirectly transferred DNA i.e. “contributor inversion” at a high 
frequency under certain conditions, does not therefore invalidate the use of 
touch/trace DNA analysis in casework. It simply means that scientists and fact-
finders must be more careful in interpreting the meaning of the results when 
sourcing and comparing data from different studies, and have a clear awareness 
of the experimental design and limitations, including knowledge of the recovery, 
processing and analysis methods applied (Steensma et al. 2017).  
With the increasing focus on removing subjectivity from expert opinion when 
presenting activity level findings in court, there is greater responsibility on the 
reporting scientist to place the DNA results in an accurate context (i.e. probability 
of direct vs. indirect transfer) for the layperson tasked with using the opinion to 
evaluate the posterior probabilities. For this, probabilistic methods, and more 
specifically, the use of Bayesian networks, offer a practical and robust framework 
for the assessment of evidence, and provide empirical estimations of the 
likelihood of direct or indirect deposition. Further, such methods allow the impact 
of changes to various parameter values on the LR to be observed. 
As the forensic community moves towards considering activity level assessments 
in routine casework, greater knowledge and understanding of the variables 
affecting DNA-TPPR prior to and during criminal activities, and the subsequent 
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collection and processing of exhibits, will help to distinguish between direct and 
indirect transfer events. The use of empirical data will further increase the 
accuracy of probabilistic evaluations, which will, in turn, better inform the trier of 
fact and facilitate the pursuit of justice. 
 
6.2 Future research directions 
As the sensitivity of DNA analysis techniques continue to improve, coupled with 
the prospects of detecting smaller quantities of DNA, the requirement to increase 
our understanding of investigator-mediated transfer also increases. While the 
work presented in this thesis adds to our knowledge of factors surround DNA 
transfer within the laboratory, knowledge of DNA contamination at the crime 
scene is currently limited. 
A recent study by Fonneløp et al. (2016) investigated the risk of contamination 
from policing, investigative and analytical staff through the analysis of casework 
samples that had been previously investigated from 2009 to 2015. Results 
demonstrate a) an increase in the frequency of contamination events from 
policing and investigative staff compared to laboratory staff performing 
examinations and/or analyses, and b) an increase in the number of 
contaminations after implementing methods that are more sensitive. While in 
most instances (10/16) contamination events were linked to policing staff working 
directly on the case, indirect transfer of DNA from staff who were not involved in 
the case was observed in the remaining six contamination events. 
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A greater awareness of the routes of investigator-mediated transfer at the crime 
scene will raise an awareness of its potential impacts and direct appropriate 
training for relevant personnel. Furthermore, determining the probability of such 
events occurring in casework will enable this to be factored into probabilistic 
assessments such as Bayesian networks. 
As the application of probabilistic interpretation methods to activity level 
propositions in forensic casework continues to gain traction, the requirement for 
empirical data becomes increasingly relevant. Although much work has already 
been performed on DNA-TPPR, further variables and situations are yet to be 
explored. One such factor is the prevalence of background DNA residing on 
various items and surfaces. With the ability to recover background DNA while 
sampling surfaces at the crime scene and during exhibit examination in the 
laboratory, a deeper level of understanding will inform investigators on the 
likelihood of its detection while also being incorporated into probabilistic 
assessments. 
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Appendix C. Supp. data for Szkuta et al. (2015a) 
Supplementary Table 1. Comparison of Quantifiler® (ng/µL) and PowerPlex® 21 (Allele %) results from 
the transfer of dried blood or touch DNA (Person A) deposited on a primary cotton or glass substrate, 
to a secondary cotton or glass substrate which is DNA-free or deposited with touch DNA from Person 
B. (A) = Person A; (B) = Person B; PS = Primary Substrate; SS = Secondary Substrate; s.d. = standard 
deviation. 
Vector Substrate/biological deposit 
combination 
Contact type 
(transfer scenarios) 
ng/µL 
(s.d.) 
Person A 
Allele % 
(s.d.) 
Person B 
Allele % 
(s.d.) 
PS SS PS SS 
Scissors 
(Set 1a) 
Cotton/Blood (A) Cotton/DNA-free Heavy Heavy 0.002 
(0.001) 
92 (3) - 
Cotton/Blood (A) Cotton/DNA-free Heavy Light 0.002 
(0.003) 
63 (26) - 
Cotton/Blood (A) Cotton/DNA-free Light Heavy 0.002 
(0.001) 
64 (27) - 
Cotton/Blood (A) Cotton/DNA-free Light Light 0.000 
(0.000) 
43 (27) - 
Scissors 
(Set 1a) 
Cotton/Touch (A) Cotton/DNA-free Heavy Heavy 0.000 
(0.000) 
6 (5) - 
Cotton/Touch (A) Cotton/DNA-free Heavy Light 0.000 
(0.001) 
2 (0) - 
Cotton/Touch (A) Cotton/DNA-free Light Heavy 0.000 
(0.000) 
4 (2) - 
Cotton/Touch (A) Cotton/DNA-free Light Light 0.000 
(0.000) 
5 (0) - 
Scissors 
(Set 2a) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Heavy 0.011 
(0.004) 
73 (26) 95 (7) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Light 0.014 
(0.006) 
60 (21) 97 (6) 
Cotton/Blood (A) Cotton/Touch (B) Light Heavy 0.010 
(0.011) 
43 (20) 91 (2) 
Cotton/Blood (A) Cotton/Touch (B) Light Light 0.010 
(0.005 
21 (10) 87 (19) 
Scissors 
(Set 2a) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Heavy 0.008 
(0.000) 
0 (0) 100 (0) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Light 0.014 
(0.002) 
7 (0) 75 (31) 
Cotton/Touch (A) Cotton/Touch (B) Light Heavy 0.010 
(0.007) 
0 (0) 88 (3) 
Cotton/Touch (A) Cotton/Touch (B) Light Light 0.012 
(0.007) 
7 (0) 95 (6) 
Forceps 
(Set 1b) 
Cotton/Blood (A) Cotton/DNA-free Heavy Heavy 0.001 
(0.001) 
44 (27) - 
Cotton/Blood (A) Cotton/DNA-free Heavy Light 0.000 
(0.001) 
42 (41) - 
Cotton/Blood (A) Cotton/DNA-free Light Heavy 0.000 
(0.000) 
17 (0) - 
Cotton/Blood (A) Cotton/DNA-free Light Light 0.000 
(0.001) 
7 (0) - 
Forceps 
(Set 1b) 
Cotton/Touch (A) Cotton/DNA-free Heavy Heavy 0.000 
(0.001) 
76 (0) - 
Cotton/Touch (A) Cotton/DNA-free Heavy Light 0.000 
(0.000) 
0 (0) - 
Cotton/Touch (A) Cotton/DNA-free Light Heavy 0.000 
(0.000) 
0 (0) - 
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Cotton/Touch (A) Cotton/DNA-free Light Light 0.000 
(0.000) 
0 (0) - 
Forceps 
(Set 2b) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Heavy 0.009 
(0.005) 
67 (22) 100 (0) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Light 0.002 
(0.001) 
9 (8) 100 (0) 
Cotton/Blood (A) Cotton/Touch (B) Light Heavy 0.009 
(0.008) 
30 (29) 97 (5) 
Cotton/Blood (A) Cotton/Touch (B) Light Light 0.006 
(0.003) 
27 (8) 100 (0) 
Forceps 
(Set 2b) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Heavy 0.014 
(0.010) 
10 (5) 100 0) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Light 0.012 
(0.008) 
17 (15) 80 (40) 
Cotton/Touch (A) Cotton/Touch (B) Light Heavy 0.008 
(0.005) 
5 (0) 100 (0) 
Cotton/Touch (A) Cotton/Touch (B) Light Light 0.006 
(0.003) 
10 (7) 98 (4) 
Gloves 
(Set 1c) 
Cotton/Blood (A) Cotton/DNA-free Heavy Heavy 0.008 
(0.006) 
99 (1) - 
Cotton/Blood (A) Cotton/DNA-free Heavy Light 0.002 
(0.003) 
87 (15) - 
Cotton/Blood (A) Cotton/DNA-free Light Heavy 0.005 
(0.005) 
93 (9) - 
Cotton/Blood (A) Cotton/DNA-free Light Light 0.003 
(0.003) 
98 (2) - 
Gloves 
(Set 1c) 
Cotton/Touch (A) Cotton/DNA-free Heavy Heavy 0.000 
(0.001) 
18 (10) - 
Cotton/Touch (A) Cotton/DNA-free Heavy Light 0.000 
(0.000) 
10 (10) - 
Cotton/Touch (A) Cotton/DNA-free Light Heavy 0.000 
(0.000) 
12 (3) - 
Cotton/Touch (A) Cotton/DNA-free Light Light 0.000 
(0.001) 
18 (12) - 
Gloves 
(Set 2c) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Heavy 0.007 
(0.002) 
86 (17) 99 (2) 
Cotton/Blood (A) Cotton/Touch (B) Heavy Light 0.007 
(0.005) 
78 (18) 100 (0) 
Cotton/Blood (A) Cotton/Touch (B) Light Heavy 0.007 
(0.002) 
94 (8) 100 (0) 
Cotton/Blood (A) Cotton/Touch (B) Light Light 0.011 
(0.007) 
79 (21) 100 (0) 
Gloves 
(Set 2c) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Heavy 0.007 
(0.005) 
26 (31) 70 (24) 
Cotton/Touch (A) Cotton/Touch (B) Heavy Light 0.012 
(0.008) 
23 (10) 97 (5) 
Cotton/Touch (A) Cotton/Touch (B) Light Heavy 0.005 
(0.003) 
13 (8) 97 (3) 
Cotton/Touch (A) Cotton/Touch (B) Light Light 0.009 
(0.006) 
23 (16) 100 (0) 
Gloves 
(Set 1d) 
Cotton/Blood (A) Glass/DNA-free Heavy Heavy 0.000 
(0.001) 
0 (0) - 
Cotton/Blood (A) Glass/DNA-free Heavy Light 0.000 
(0.000) 
7 (0) - 
Cotton/Blood (A) Glass/DNA-free Light Heavy 0.000 
(0.000) 
0 (0) - 
Cotton/Blood (A) Glass/DNA-free Light Light 0.000 
(0.000) 
10 (0) - 
Gloves 
(Set 1d) 
Cotton/Touch (A) Glass/DNA-free Heavy Heavy 0.000 
(0.000) 
11 (0) - 
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Cotton/Touch (A) Glass/DNA-free Heavy Light 0.000 
(0.000) 
0 (0) - 
Cotton/Touch (A) Glass/DNA-free Light Heavy 0.000 
(0.000) 
6 (0) - 
Cotton/Touch (A) Glass/DNA-free Light Light 0.000 
(0.000) 
0 (0) - 
Gloves 
(Set 1d) 
Glass/Blood (A) Cotton/DNA-free Heavy Heavy 0.000 
(0.000) 
5 (0) - 
Glass/Blood (A) Cotton/DNA-free Heavy Light 0.000 
(0.000) 
0 (0) - 
Glass/Blood (A) Cotton/DNA-free Light Heavy 0.000 
(0.001) 
7 (0) - 
Glass/Blood (A) Cotton/DNA-free Light Light 0.000 
(0.000) 
8 (2) - 
Gloves 
(Set 1d) 
Glass/Touch (A) Cotton/DNA-free Heavy Heavy 0.004 
(0.003) 
89 (9) - 
Glass/Touch (A) Cotton/DNA-free Heavy Light 0.003 
(0.001) 
82 (19) - 
Glass/Touch (A) Cotton/DNA-free Light Heavy 0.007 
(0.004) 
93 (9) - 
Glass/Touch (A) Cotton/DNA-free Light Light 0.011 
(0.008) 
99 (1) - 
Gloves 
(Set 1d) 
Glass/Blood (A) Glass/DNA-free Heavy Heavy 0.000 
(0.000) 
0 (0) - 
Glass/Blood (A) Glass/DNA-free Heavy Light 0.000 
(0.000) 
19 (0) - 
Glass/Blood (A) Glass/DNA-free Light Heavy 0.000 
(0.000) 
0 (0) - 
Glass/Blood (A) Glass/DNA-free Light Light 0.000 
(0.000) 
2 (0) - 
Gloves 
(Set 1d) 
Glass/Touch (A) Glass/DNA-free Heavy Heavy 0.000 
(0.000) 
15 (12) - 
Glass/Touch (A) Glass/DNA-free Heavy Light 0.000 
(0.001) 
10 (5) - 
Glass/Touch (A) Glass/DNA-free Light Heavy 0.000 
(0.000) 
25 (18) - 
Glass/Touch (A) Glass/DNA-free Light Light 0.000 
(0.000) 
13 (3) - 
Gloves 
(Set 2d) 
Glass/Touch (A) Cotton/Touch (B) Heavy Heavy 0.011 
(0.005) 
58 (20 100 (0) 
Glass/Touch (A) Cotton/Touch (B) Heavy Light 0.016 
(0.004) 
50 (26) 100 (0) 
Glass/Touch (A) Cotton/Touch (B) Light Heavy 0.010 
(0.003) 
39 (24) 99 (2) 
Glass/Touch (A) Cotton/Touch (B) Light Light 0.025 
(0.013) 
39 (2) 100 (0) 
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Supplementary Table 2. Summary of the profiles obtained from the donors in each set of tests in 
Experiment 1 (1a-d) and Experiment 2 (2a-d), and the number of transferrable alleles for each donor, 
from a full profile of 42 alleles. In experiment 2, the number of ‘unique’ transferrable alleles was 
determined by excluding shared alleles between contributors (Person A and B). Any additional alleles 
from unknown sources found in positive control profiles from the donors matching the opposing 
contributor i.e. unknown alleles within the control profiles of Person A matching alleles of Person B, were 
also excluded. 
 
  
Vector Biological 
Substance 
Donor Homozygous 
Alleles 
Heterozygous 
Alleles 
Shared 
alleles 
Matching 
unknown 
alleles 
Transferrable 
alleles 
(unique) 
Scissors (Set 1a) Blood Person A 8 34 - - 42 
Scissors (Set 1a) Touch Person A 10 32 - - 42 
Scissors (Set 2a) Blood Person A 8 34 12 15 15 
Touch Person B 10 32 13 0 29 
Scissors (Set 2a) Touch Person A 10 32 17 10 15 
Touch Person B 10 32 17 5 20 
Forceps (Set 1b) Blood Person A 8 34 - - 42 
Forceps (Set 1b) Touch Person A 10 32 - - 42 
Forceps (Set 2b) Blood Person A 8 34 12 3 27 
Touch Person B 10 32 13 0 29 
Forceps (Set 2b) Touch Person A 10 32 17 4 21 
Touch Person B 10 32 17 0 25 
Gloves (Set 1c) Blood Person A 8 34 - - 42 
Gloves (Set 1c) Touch Person A 8 34 - - 42 
Gloves (Set 2c) Blood Person A 8 34 10 3 29 
Touch Person B 12 30 14 0 28 
Gloves (Set 2c) Touch Person A 10 32 11 4 27 
Touch Person B 12 30 10 13 19 
Gloves (Set 1d) Blood Person A 8 34 - - 42 
Gloves (Set 1d) Touch Person A 8 34 - - 42 
Gloves (Set 2d) Touch Person A 10 32 11 4 27 
Touch Person B 12 30 10 3 29 
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Supplementary Table 3. Percentage of observed alleles (standard deviation), from a total of 42 alleles, 
and an average of their corresponding peak heights from dried blood and touch DNA positive control 
samples. The number of unique unknown alleles observed over the combined replicates and the 
maximum number (max) found within a single sample are also indicated. Person A (male); Person B 
(female); (C) = Cotton; (G) = Glass side; s.d. = standard deviation. 
Vector Biological 
Substance 
Person No. of 
Replicates 
Average No. of Unique 
Unknown Alleles 
ng/µL 
(s.d.) 
Observed 
Alleles % 
(s.d.) 
Average Observed 
Peak Heights  RFU 
(s.d.) 
Scissors 
(Set 1a, 2a) 
Blood (C) A 4 7.703 
(1.027) 
100% (0) 7492 (2122) 0 
Touch (C) A 5 0.037 
(0.015) 
100% (0) 2500 (592) 21 (max 8) 
Blood (C) B 2 15.635 
(5.424) 
100% (0) 4687 (1405) 0 
Touch (C) B 3 0.009 
(0.006) 
97% (4) 1670 (1047) 35 (max 32) 
Forceps 
(Set 1b, 2b) 
Blood (C) A 4 8.820 
(2.714) 
100% (0) 7478 (659) 5 (3 max) 
Touch (C) A 6 0.001 
(0.001) 
35% (27) 325 (78) 5 (4 max) 
Touch (C) B 4 0.009 
(0.009) 
99% (1) 2091 (1668) 13 (9 max) 
Gloves 
(Set 1c, 2c) 
Blood (C) A 3 15.910 
(2.769) 
100% (0) 6335 (1672) 6 (5 max) 
Blood (G) A 4 20.743 
(1.728) 
93% (10) 3649 (2954) 2 (2 max) 
Touch (C) A 6 0.083 
(0.036) 
100% (0) 6266 (1406) 38 (max 17) 
Touch (G) A 6 0.022 
(0.012) 
67% (39) 1681 (1090) 12 (max 8) 
Gloves 
(Set 1d, 2d) 
Blood (C) A 4 11.765 
(1.383) 
100% (0) 6997 (853) 5 (max 4) 
Touch (C) A 6 0.006 
(0.003) 
93% (11) 906 (459) 31 (max 13) 
Touch (G) A 6 0.008 
(0.005) 
72% (19) 439 (76) 4 (max 2) 
Touch (C) B 6 0.002 
(0.002) 
97% (4) 1758 (1304) 11 (max 4) 
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Supplementary Table 4. Total peak heights (RFU) of alleles transferred, from a total of 42 transferrable 
alleles (Person A), in experiment 1; transfer of dried blood and touch DNA deposited on cotton or glass 
(PS), to DNA-free cotton or glass (SS), through the application of high-risk vectors (scissors, forceps 
and gloves) and various heavy and light transfer scenarios (Figure 1, Set 1a-c). Dried blood n = 51 (of 
95); touch DNA n = 54 (of 96); remaining samples did not display detectable transfer. PS = Primary 
Substrate; SS = Secondary Substrate; s.d. = standard deviation. 
 
  
Vector Substrate combination Contact type 
(transfer scenarios) 
Total observed peak heights 
(s.d.) 
PS SS PS SS Dried Blood Touch DNA 
Scissors Cotton Cotton Heavy Heavy 25619 (2443) 510 (443) 
  Heavy Light 12543 (7160) 223 (0) 
  Light Heavy 14244 (13282) 371 (109) 
  Light Light 6268 (5398) 241 (0) 
Forceps Cotton Cotton Heavy Heavy 7086 (5880) 10174 (0) 
  Heavy Light 7943 (9200) 0 (0) 
  Light Heavy 1102 (0) 0 (0) 
  Light Light 908 (171) 0 (0) 
Gloves Cotton Cotton Heavy Heavy 54976 (34303) 2124 (1316) 
  Heavy Light 28640 (19342) 1176 (1182) 
  Light Heavy 39020 (23765) 1075 (255) 
  Light Light 33220 (4641) 1877 (1192) 
Cotton Glass Heavy Heavy 0 (0) 573 (0) 
  Heavy Light 433 (7) 0 (0) 
  Light Heavy 0 (0) 313 (0) 
  Light Light 623 (0) 0 (0) 
Glass Cotton Heavy Heavy 237 (0) 26969 (11014) 
  Heavy Light 0 (0) 21969 (11433) 
  Light Heavy 435 (0) 41408 (24483) 
  Light Light 716 (460) 89389 (98312) 
Glass Glass Heavy Heavy 0 (0) 650 (576) 
  Heavy Light 2472 (0) 372 (146) 
  Light Heavy 0 (0) 1267 (1153) 
  Light Light 178 (0) 355 (98) 
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Appendix D. Supp. data for Goray et al. (2016b) 
Supplementary Table 1. Mann-Whitney post hoc comparison of differences in the total amounts of DNA 
deposited by the 10 participantsa 
Participant A B C D E F G H J K 
A n/a S S S S S S S S NS 
B - n/a S S NS S NS S S NS 
C - - n/a S S S NS S S S 
D - - - n/a S S S S S S 
E - - - - n/a S NS S S NS 
F - - - - - n/a S S NS S 
G - - - - - - n/a S S S 
H - - - - - - - n/a S S 
J - - - - - - - - n/a NS 
K - - - - - - - - - n/a 
a S = significant; NS = not significant (at p<0.05) 
Supplementary Table 2. Mann-Whitney post hoc comparison of differences in the percentage 
contributions of self DNA (mixture proportions) for the 10 participantsa 
Participant A B C D E F G H J K 
A n/a NS NS S NS NS NS S NS NS 
B - n/a S NS NS S NS NS NS S 
C - - n/a S NS NS S S NS NS 
D - - - n/a S S S NS S S 
E - - - - n/a NS NS S NS NS 
F - - - - - n/a NS S NS NS 
G - - - - - - n/a NS NS NS 
H - - - - - - - n/a S S 
J - - - - - - - - n/a NS 
K - - - - - - - - - n/a 
a S = significant; NS = not significant (at p<0.05) 
Supplementary Table 3. Mann-Whitney post hoc comparison of differences in the total number of alleles 
detected post deposit by the 10 participantsa 
Participant A B C D E F G H J K 
A n/a S S S S S S S NS NS 
B - n/a S S NS S S S S NS 
C - - n/a NS S S NS NS S S 
D - - - n/a S S S NS S S 
E - - - - n/a S S S S NS 
F - - - - - n/a S S NS S 
G - - - - - - n/a NS S S 
H - - - - - - - n/a S S 
J - - - - - - - - n/a S 
K - - - - - - - - - n/a 
a S = significant; NS = not significant (at p<0.05)
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Appendix E. Supp. data for Szkuta et al. (2017) 
 
Supplementary Fig. 1 Estimated marginal means across glass plates showing any linear or non-linear 
trends in the unique alleles (%), and the average of their corresponding peak heights (RFU), detected 
for both the depositor (a,b) and known contributor (c,d) in DNA profiles generated as contacts with glass 
plates increased from P1 to P5 within the two timeframes; immediate or 15 min post-handshake. 
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Supplementary Table 2. Information recorded for participants 1 – 24 including hand dominance (RH = 
Right hand or LH = Left hand), the duration since hand-washing, and the most recent activity performed 
and the history of the five most recent items contacted prior to the handshake (HS). 
Participant 
(partner) 
Time of 
handshake 
Dominant 
hand 
Duration 
since hands 
washed 
Most recent activity prior to HS 
(duration) 
Historya of items contacted prior 
to HS (frequency) 
1 (2) 11.00 RH ~1.5 h Morning tea (15 min) Shared (4)  Personal (1) 
2 (1) 11.00 LH ~5 min Bathroom (3 min) Shared (4) Personal (1) 
3 (4) b 14.00 LH - - - 
4 (3) 14.00 RH ~3 h Laboratory work with gloves (45 min) Shared (5) 
5 (6) 15.00 RH ~2 h Laboratory work with gloves (1.5 h) Shared (4)  Personal (1) 
6 (5) 15.00 RH ~1 h Computer work (1 h) Shared (2) Personal (2) New (1) 
7 (8) 7.30 RH ~1 h Computer work & phone calls (7 
min) 
Shared (2) Personal (3) 
8 (7) 7.30 RH ~45 min Driving (20min) Shared (4) Personal (1) 
9 (10) 13.30 RH ~2 h Laboratory work with gloves (1 h) Shared (4) New (1) 
10 (9) b 13.30 RH - - - 
11 (12) 13.00 LH ~6 h Eating lunch (30 min) Shared (3) New (2) 
12 (11) 13.00 RH ~1 h Eating chocolate bar (5 min) Shared (3) Personal (2) 
13 (14) 9.30 am RH ~1 h Office & computer work (20 min) Shared (3) Personal (2) 
14 (13) 9.30 am LH ~35 min Driving (35 min) Personal (5) 
15 (16) 3.00 pm RH ~2 h Office & computer work (2 h) Shared (1) Personal (4) 
16 (15) 3.00 pm RH ~1.5 h Computer work (1 h) Personal (5) 
17 (18) 12.00 pm RH ~1.5 h Eating lunch (30 min) Shared (3) Personal (2) 
18 (17) 12.00 pm RH ~40 min Office & computer work (2.5 h) Shared (1) Personal (3) New (1) 
19 (20) 9.30 am RH ~5 min Group meeting (10 min) Shared (3) Personal (2) 
20 (19) 9.30 am LH ~1 h Driving (40 min) Personal (5) 
21 (22) 12.00 pm RH ~2 h Office & computer work (1.5 h) Shared (4) Personal (1) 
22 (21) 12.00 pm RH ~1 h Office & computer work (2.5 h) Personal (5) 
23 (24) 3.00 pm RH ~2 h Office & computer work (15 min) Personal (5) 
24 (23) 3.00 pm RH ~1 h Cleaning with gloves (1 h) Shared (3) Personal (2) 
 
a History of items contacted include; a) personal items/surfaces that have been used/touched primarily by the participant, b) shared 
items/surfaces that have been used/touched by others and the participant, c) foreign items/surfaces that have been used/touched 
by others, but never previously by the participant, and d) new items/surfaces that have never been used/touched before. 
b Results regarding activities performed, as described by participant, were not clear. 
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Appendix F. Supp. data for Steensma et al. (2017) 
Supplementary Table. Raw data obtained from laboratories 1-4. For methodologies used by labs 1-4 
we refer the reader to Tables 1 and 2 in the article. 
Vol. # Lab # Male (M)/ 
Female (F) 
Total DNA 
quant 
(ng) 
Y quant 
(ng) 
Single 
amplification 
Multiple 
amplifications 
Low 
Template 
analysis 
Fixed 
interpretation 
Mixture/ 
# cont. 
Handler inc. 
as major/ 
minor/ equal 
or excluded 
1 1 M 0.28 0.15 No profile - R R N Major 
2 1 M 0.98 0.39 Not R R - R Y/≥ 1* Major 
3 1 F 0.07 0.00 No profile - - No profile - - 
4 1 F 8.93 0.05 R - - R N Major 
5 1 F 0.46 0.00 Not R - R R Y/≥ 1 Major 
6 1 M 5.32 4.25 R - - R N Major 
7 1 F 1.12 0.00 Not R R - R Y/≥ 2 Major 
8 1 M 0.57 0.28 Not R R - R Y/≥ 1 Major 
9 1 F 0.25 0.00 Not R - R R N Major 
10 1 F 0.35 0.00 Not R - R R Y/≥ 1 Major 
11 1 M 1.13 0.44 Not R R - R Y/≥ 1 Major 
12 1 F 0.41 0.00 Not R R - R Y/≥ 1 Major 
13 1 F 0.75 0.00 Not R R - R Y/≥ 2 Major 
14 1 F 39.46 0.00 R - - R N Major 
15 1 M 6.07 2.88 R - - R N Major 
16 1 M 7.01 3.28 R - - R N Major 
17 1 F 0.88 0.04 Not R - - Not R - - 
18 1 M 0.68 0.25 Not R R - R Y/≥ 2 Major 
19 1 M 4.26 1.61 R - - R N Major 
20 1 M 0.47 0.26 Not R R - R Y/≥ 1 Major 
1 2 M 1.75 - R R - R N Major 
2 2 M 0.50 - R R - R N Major 
3 2 F 0.25 - No profile Not R - R Y/3 Major 
4 2 F 7.70 - R R - R N Major 
5 2 F 0.03 - No profile No profile - No profile - - 
6 2 M 0.40 - R R - R N Major 
7 2 F 0.05 - Not R Not R - Not R - - 
8 2 M 1.50 - R R - R Y/2 Major 
9 2 F 0.08 - Not R Not R - R - - 
10 2 F 0.02 - Not R Not R - No profile - - 
11 2 M 0.25 - R R - R N Major 
12 2 F 0.65 - R R - R Y/2 Major 
13 2 F 1.05 - R R - R N Major 
14 2 F 0.20 - R R - R N Major 
15 2 M 0.90 - R R - R N Major 
16 2 M 0.60 - R R - R N Major 
17 2 F 0.11 - Not R R - R N Major 
18 2 M 0.50 - R R - R N Major 
19 2 M 3.90 - R R - R N Major 
20 2 M 1.00 - R R - R N Major 
1 3 M 0.20 0.00 Not R Not R - Not R N Major 
2 3 M 0.48 0.50 R - - R N Major 
3 3 F 0.00 0.00 No profile - - No profile - - 
4 3 F 8.05 0.50 R - - R Y/2 Major 
5 3 F 0.00 0.00 No profile - - Not R - - 
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6 3 M 0.26 0.00 Not R - - Not R - - 
7 3 F 0.11 0.38 Not R - - Not R - - 
8 3 M 0.00 0.00 Not R Not R - R - - 
9 3 F 1.40 0.00 R - - R N Major 
10 3 F 0.00 0.00 Not R Not R - Not R - - 
11 3 M 0.00 0.00 Not R Not R - Not R - - 
12 3 F 0.00 0.00 Not R Not R - Not R - - 
13 3 F 0.00 0.00 Not R Not R - Not R - - 
14 3 F 0.50 0.00 R - - R N Major 
15 3 M 0.00 0.30 R - - R Y/2 Major 
16 3 M 0.96 0.60 R - - R N Major 
17 3 F 0.00 0.00 Not R R - Not R N Major 
18 3 M 0.00 0.00 Not R Not R - Not R Y/2 Major 
19 3 M 0.71 1.85 R - - R N Major 
20 3 M 0.68 0.00 R - - R N Major 
1 4 M 0.24 0.18 R - - R Y/3 Equal 
2 4 M 31.62 31.62 R - - R N Major 
3 4 F 0.24 0.00 R - - R Y/2 Major 
4 4 F 3.48 0.12 R - - R Y/2 Major 
5 4 F 2.10 0.12 R - - R Y/3 Major 
6 4 M 3.24 2.82 R - - R N Major 
7 4 F 0.24 0.00 R - - R Y/2 Equal 
8 4 M 2.04 1.74 R - - R Y/3 Major 
9 4 F 1.50 0.06 R - - R Y/3 Major 
10 4 F 2.64 0.3 R - - R Y/3 Major 
11 4 M 0.60 0.54 R - - R Y/2 Major 
12 4 F 0.90 0.00 R - - R Y/2 Major 
13 4 F 2.94 0.00 R - - R Y/2 Major 
14 4 F 0.42 0.00 R - - R Y/2 Major 
15 4 M 7.74 8.16 R - - R N Major 
16 4 M 6.00 5.28 R - - R N Major 
17 4 F 1.44 0.06 R - - R Y/2 Major 
18 4 M 0.96 0.72 R - - R Y/3 Major 
19 4 M 10.26 7.32 R - - R Y/2 Major 
20 4 M 9.54 7.74 R - - R N Major 
1 Lab1 NPT M 11.89 4.85 R R - - Y≥ 1* Major 
2 Lab1 NPT M 15.30 6.29 R - - - N Major 
3 Lab1 NPT F 2.02 0.00 R - - - N Exclusion** 
4 Lab1 NPT F 12.12 0.06 R - - - N Major 
5 Lab1 NPT F 0.71 0.00 Not R R - - N Major 
6 Lab1 NPT M 3.88 2.25 Not R R - - N Major 
7 Lab1 NPT F 3.05 0.23 R - - - N Major 
8 Lab1 NPT M 3.04 1.74 R - - - N Major 
9 Lab1 NPT F 6.09 0.13 Not R R - - Y≥ 2 Major 
10 Lab1 NPT F 13.88 0.20 R - - - N Major 
11 Lab1 NPT M 1.20 0.71 Not R - - - - - 
12 Lab1 NPT F 10.88 0.03 R - - - N Major 
13 Lab1 NPT F 0.87 0.00 Not R - - - - - 
14 Lab1 NPT F 2.78 0.17 R R - - Y≥ 2 Minor** 
15 Lab1 NPT M 11.13 4.99 R - - - N Major 
16 Lab1 NPT M 20.96 10.60 R - - - N Major 
17 Lab1 NPT F 2.67 0.00 R - - - N Major 
18 Lab1 NPT M 1.46 0.80 Not R R - - Y≥ 1 Major 
19 Lab1 NPT M 39.79 29.44 R - - - N Major 
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20 Lab1 NPT M 11.01 4.59 R - - - N Major 
 
*Mixture / # contributors: Y/≥ 1, additional, non-reproducible alleles of second contributor. Minor not reportable. 
**These two samples were found to be contaminated by an analyst involved in the examination of the items. Secondary transfer 
of the analyst DNA through the handler of the tie-wraps could reasonably be excluded as an explanation in both instances. Hence 
it was decided to leave these two samples out of the analysis of the data. 
R = Reportable 
Not R = Not reportable 
Y= Yes 
N = No 
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Appendix G. Supp. data for Szkuta et al. (submitted) 
 
 
Supplementary Fig. 1 Participant contacting lacquered axe handle with their right hand. 
 
  
Appendix G 
220 
 
Supplementary Table 1. Summary of the composition of the profiles obtained from a glass plate (P1) 
contacted immediately and 15 min post-handshake in a study by Szkuta et al. [17]. D = Depositor. KC 
= Known contributor. U = Unknown. 
Composition Contributions Glass plate (P1) 
Immediate 15 min 
Single source Depositor (D) 1 1 
Mixed Semi, D + KC + 2U 1 0 
 D major, KC + U minor 2 0 
 D major, 2U minor 1 2 
 Semi, D + 2U 0 1 
 Equal, D + KC + U 1 3 
 Equal, KC + 2U 1 0 
 D major, U minor 1 4 
 Semi, D + U 1 0 
 Equal, D + KC 2 0 
 Equal, D + U 1 1 
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 (
p
a
rt
ia
l)
 
9
7
 
3
 
- 
- 
C
1
 
1
0
0
 b
ill
io
n
 
- 
E
x
c
lu
d
e
d
 
D
 m
a
jo
r,
 U
 m
in
o
r 
 a  
S
h
a
re
d
 h
o
m
o
z
y
g
o
u
s
 a
lle
le
s
 a
re
 o
n
ly
 c
o
u
n
te
d
 o
n
c
e
. 
b
 S
in
g
le
 s
o
u
rc
e
 o
r 
m
ix
e
d
 p
ro
fi
le
s
 w
it
h
 a
lle
le
s
 a
b
s
e
n
t 
a
t 
o
n
e
 o
r 
m
o
re
 o
f 
th
e
 2
0
 l
o
c
i 
w
e
re
 t
e
rm
e
d
 ‘
p
a
rt
ia
l’.
 
c
 a
 m
a
jo
r 
c
o
n
tr
ib
u
to
r 
w
a
s
 i
n
fe
rr
e
d
 w
h
e
n
 t
h
e
y
 c
o
n
tr
ib
u
te
d
 ≥
7
0
%
 o
f 
th
e
 t
o
ta
l 
D
N
A
. 
T
h
e
s
e
 p
ro
fi
le
s
 w
e
re
 c
o
n
s
id
e
re
d
 r
e
s
o
lv
a
b
le
. 
W
h
e
n
 a
 m
a
jo
r 
w
a
s
 d
e
d
u
c
e
d
 i
n
 r
e
s
o
lv
a
b
le
 m
ix
tu
re
s
, 
th
e
 m
in
o
r 
c
o
m
p
o
n
e
n
t 
w
a
s
 c
o
n
s
id
e
re
d
 
u
n
re
s
o
lv
a
b
le
 a
s
 m
ix
tu
re
 p
ro
p
o
rt
io
n
s
 w
e
re
 s
im
ila
r 
fo
r 
th
e
 r
e
m
a
in
in
g
 c
o
n
tr
ib
u
to
rs
. 
L
R
s
 w
e
re
 c
a
lc
u
la
te
d
 f
o
r 
th
e
 P
O
I 
if
 c
o
n
tr
ib
u
ti
n
g
 t
o
 t
h
e
 u
n
re
s
o
lv
a
b
le
 m
in
o
r 
m
ix
tu
re
. 
A
 m
ix
tu
re
 w
a
s
 c
o
n
s
id
e
re
d
 s
e
m
i-
re
s
o
lv
a
b
le
 w
h
e
n
 n
o
 m
a
jo
r 
w
a
s
 a
s
s
ig
n
e
d
 b
u
t 
o
n
e
 (
o
r 
m
o
re
) 
o
f 
th
e
 c
o
n
tr
ib
u
to
rs
 w
e
re
 s
e
p
a
ra
te
d
 b
y
 ≥
 1
0
%
. 
L
R
s
 w
e
re
 c
a
lc
u
la
te
d
 f
o
r 
th
e
 P
O
Is
 i
n
 s
e
m
i-
re
s
o
lv
a
b
le
 m
ix
tu
re
s
. 
* 
tw
o
 r
e
p
lic
a
te
s
 i
n
c
lu
d
e
d
 i
n
 a
n
a
ly
s
is
 a
s
 m
in
im
u
m
 n
o
. 
o
f 
c
o
n
tr
ib
u
to
rs
 c
o
u
ld
 n
o
t 
b
e
 i
n
fe
rr
e
d
 i
n
 t
h
e
 f
ir
s
t 
re
p
lic
a
te
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c
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 d
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v
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0
 m
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 (
1
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 h
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1
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 t
h
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 h
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D
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 d
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L
H
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 d
u
ra
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o
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 s
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a
n
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e
 m
o
s
t 
re
c
e
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 p
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k
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 d
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c
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u
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 c
o
n
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c
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o
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w
in
g
 t
h
e
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S
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n
d
 p
ri
o
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 c
o
n
ta
c
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w
it
h
 t
h
e
 a
x
e
 h
a
n
d
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is
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f 
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e
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m
o
s
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c
e
n
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it
e
m
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 c
o
n
ta
c
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d
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m
m
e
d
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te
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o
llo
w
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 t
h
e
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a
n
d
s
h
a
k
e
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n
d
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h
e
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e
r 
o
r 
n
o
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a
n
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f 
th
e
s
e
 f
iv
e
 i
te
m
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e
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 c
o
n
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c
te
d
 a
g
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 c
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n
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h
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a
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n
d
 t
h
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u
e
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c
y
 t
h
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o
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 c
o
n
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u
to
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w
a
s
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o
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e
x
c
lu
d
e
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 d
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o
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 d
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 c
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a
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c
o
n
tr
ib
u
to
r 
N
E
 
fr
o
m
 A
x
e
?
 
K
n
o
w
n
 
c
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a
 H
is
to
ry
 o
f 
it
e
m
 c
o
n
ta
c
te
d
 i
n
c
lu
d
e
s
; 
P
 =
 P
e
rs
o
n
a
l 
it
e
m
/s
u
rf
a
c
e
 t
h
a
t 
h
a
s
 b
e
e
n
 u
s
e
d
/t
o
u
c
h
e
d
 p
ri
m
a
ri
ly
 b
y
 t
h
e
 p
a
rt
ic
ip
a
n
t.
 
S
 =
 S
h
a
re
d
 i
te
m
/s
u
rf
a
c
e
 t
h
a
t 
h
a
s
 b
e
e
n
 u
s
e
d
/t
o
u
c
h
e
d
 b
y
 o
th
e
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 a
n
d
 t
h
e
 p
a
rt
ic
ip
a
n
t.
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 =
 F
o
re
ig
n
 i
te
m
/s
u
rf
a
c
e
 t
h
a
t 
h
a
s
 b
e
e
n
 u
s
e
d
/t
o
u
c
h
e
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th
e
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b
u
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n
e
v
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p
re
v
io
u
s
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 b
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 t
h
e
 p
a
rt
ic
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a
n
t.
 
N
 =
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e
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u
rf
a
c
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h
a
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a
s
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e
v
e
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b
e
e
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s
e
d
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u
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e
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 b
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s
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e
g
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ti
v
it
ie
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e
rf
o
rm
e
d
 p
ri
o
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 H
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a
s
 d
e
s
c
ri
b
e
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 p
a
rt
ic
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a
n
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 w
e
re
 n
o
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c
le
a
r.
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